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Etude phylogénétique du genre Grimmia Hedw. (Grimmiales, Bryopsida) basée sur une
combinaison de caractères morphologiques et moléculaires
Résumé
Les mousses sont la plus ancienne lignée de plantes terrestres et leur longue évolution a été
accompagnée par des tendances à la simplification des caractères morphologiques. Ce
phénomène a quelque peu compliqué les reconstructions phylogénétiques basées sur la
morphologie. Les analyses génétiques ont permis de donner de nouvelles informations dans le
cadre des analyses phylogénétiques et une réévaluation de certains caractères morphologiques. La
plupart des études combinant les données morphologiques et moléculaires ne concernent que des
niveaux systématiques élevés comme l’ordre ou la famille et très peu considèrent le niveau du
genre. La présente étude tend à tester les relations phylogénétiques du genre Grimmia à l’aide
d’une combinaison de caractères morphologiques et moléculaires.
Les 40 espèces de Grimmia utilisées dans la première partie de cette étude représentent la
majorité des espèces trouvées en Eurasie, un des centres de diversification du genre. Lors de
l’analyse morphologique, 52 caractères morphologiques/anatomiques (33 du gamétophyte et 19
du sporophyte) ont été numérisés. Malgré le peu de support statistique des arbres, la topologie des
arbres est stable. Les Grimmia, comme décrit précédemment, sont paraphylétiques. Trois clades,
correspondant respectivement aux sous-genres Rhabdogrimmia Limpr, Litoneuron I.Hagen et
Gasterogrimmia Schimp. sont présents, tandis que le restant des taxons appartenant aux Grimmia
forment un groupe non-résolu et indistinct des autres Grimmiaceae. Les séquences
chloroplastiques trnL-trnF et rps4 combinés à la morphologie ont été ensuite utilisés pour
reconstruire la phylogénie des Grimmia. Les arbres obtenus soutiennent la monophylie des
Grimmiaceae tandis que les Grimmia , sont paraphylétiques. Deux clades principaux
correspondant aux “Rhabdogrimmia” et aux “Grimmia” se détachent. Seules les espèces de
“Rhabdogrimmia” produisent des gemmules foliaires (reproduction asexuée). Dans une étude
considèrant 91 séquences trnL-trnF les espèces appartenant aux “Rhabdogrimmia” (reproduction
asexuée essentiellement) ont des variabilités intraspécifique très faible et interspécifique
relativement élevée tandis que les “Grimmia” possèdent la tendance inverse (plus de reproduction
sexuée).
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of morphological and molecular characters
Summary
The mosses are a very old land plant lineage and their long evolutionary history has been
accompanied by a trend of morphological character simplifications. This phenomenon has
somewhat complicated morphological based phylogenetic reconstructions. Genetic analyses have
provided new insights for phylogenetic studies, and have allowed morphological data to be re-
evaluated. Most of the studies combining morphological and molecular data have concerned the
higher systematic levels of order and family and only have few considered the genus. The present
study aims to test the phylogenetic relationships of the genus Grimmia using a combination of
morphological and molecular characters.
The 40 chosen Grimmia species represent the majority of those found in Eurasia, one
diversification centers of the genus. For the morphological analysis, 52 morphological/anatomical
characters (33 gametophyte and 19 sporophyte characters) were numerized. Although the internal
statistical support was relatively low, the tree topologies were stable. Grimmia as currently
defined was found to be paraphyletic. Three subclades, corresponding to the subgenera
Rhabdogrimmia Limpr., Litoneuron I.Hagen, and Gasterogrimmia Schimp. were observed in the
trees, while the reminder of the Grimmia species formed an unresolved group indistinct from
other Grimmiaceae. Chloroplast (trnL-trnF and rps4) DNA sequences combined with
morphology were used to reconstruct the phylogeny of Grimmia. The resulting trees supported
the monophyly of Grimmiaceae and that the genus Grimmia, as currently defined, as
paraphyletic. Two main clades were resolved corresponding to “Rhabdogrimmia” and
“Grimmia”. The species belonging to “Rhabdogrimmia” produce foliar-gemmae (asexual
reproduction). In a study using 91 sequences of trnL-trnF, “Rhabdogrimmia” species (mainly
asexual reproduction) have very low intraspecific variability and high interspecific variability
whereas the “Grimmia” species possess the inverse tendency.
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Chapter 1. Introduction
1.1 Bryophytes and bryophyte systematics (an historical point of view )
Bryophytes constitute the second largest group of the land plants (embryophytes) after
angiosperms (2000). They share a common ancestor with vascular plants (tracheophytes) and
are in a basal position in the classification of the embryophytes (Goffinet, 2000; Nickrent et
al., 2000; Renzaglia et al., 2000). Bryophytes thus represent the most ancient group of land
plants. The common ancestor (a green alga) of all the embryophytes (Qiu & Palmer, 1999)
shares with them a series of characters including the primary photosynthetic pigment of
"chlorophyll a" and secondary pigments of "chlorophyll b" and carotenoids. The starch of
embryophytes, and their ancestors, is stored in chloroplasts whereas in other photosynthetic
eucaryotes these reserves are situated outside of the chloroplast.
The novelty of embryophytes, with respect to the green algae, is the development of an
embryo dependent on the gametophyte in terms of nutrients, a means to delay the meiosis due
to a development by mitosis of the sporophyte (Renzaglia et al., 2000).
Generalities on bryophytes
Bryophytes are divided into three lineages:
• Anthocerophyta, hornworts with less than a hundred species (Vaughn et al., 1992;
Renzaglia et al., 2000)
• Marchantiophyta, liverworts with 6000 to 8000 species (Crandall-Stotler & Stotler,
2000)
• Bryophyta, mosses with around 10,000 species (Buck & Goffinet, 2000)
These three lineages possess morphological characters which are reminiscent of an aquatic
life style such as ciliate antherozoids1, as well as a life-cycle where the sporophyte phase is
completely dependent on the gametophyte phase, as in some algae.
Bryophytes have an alternation of generations where the gametophyte phase (haploid) is
dominant with respect to the sporophyte phase (diploid). The gametophyte of bryophytes is
composed of a stem, branched or un-branched, and leaves (mosses and leafy liverworts) or a
                                                 
1 Glossary present in Appendix 1
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simple or complex thallus (thalloid liverworts and hornworts). The sporophyte is directly
associated with the gametophyte and it is this latter phase which insures photosynthesis and
fixation to the substratum (by rhizoids). The sporophyte is composed of a seta and of a
capsule containing spores (Buck & Goffinet, 2000; Crandall-Stotler & Stotler, 2000), except
in the hornworts where the sporophyte develops directly from the thallus (Renzaglia &
Vaughn, 2000).
Hornworts
Hornworts are composed of a flattened thallus without much differentiated internal structure
(except 'Nostoc chambers'), with a nerve present or not. One of their cellular characteristics is
pyrenoids on the chloroplasts (Renzaglia & Vaughn, 2000). This character, unique within the
bryophytes, is also found in certain groups of algae. Hornworts have mucilage cavities,
'Nostoc chambers', on their ventral surface which contain chlorophyllous bacteria (Nostoc)
with which they form an association. Sporophytes are lengthened into a horn shaped structure
and possess stomata. The growth of the sporogenous tissue is continuous during the growth
season. This strategy is unique within the embryophytes (Renzaglia & Vaughn, 2000).
Columellae are always present and pseudoelaters are produced to optimize the dispersal of
spores. Hornworts are pioneer species and tend to be poor competitors with the other plants.
They generally grow in wet places and on disturbed ground, or areas poorly covered by
vegetation (Paton, 1999).
Liverworts
The liverworts are divided into two main groups: the Marchantiopsida which possess a
complex thallus, including air-chambers, and the Jungermanniopsida which are composed of a
stem and leaves or of a simple thallus (Crandall-Stotler & Stotler, 2000). Oil bodies,
organelles unique in the plant kingdom, are present in the cells of 90% of the liverworts. The
study of the shape, the colour, and the number present in cells is used for the determination of
species of liverworts (Crandall-Stotler & Stotler, 2000). The sporophyte is differentiated into
seta and capsule and does not possess stomates or columellae as seen in the mosses and the
hornworts. During meiosis, the liverworts produce spores and elaters. The elaters, as with the
pseudoelaters in the hornworts, help in spore dispersal. The liverworts are generally found on
the soil, on wet and shaded rocks as well as on trunks, branches or sometimes on leaves, while
some species of liverworts also grow in water (Raven et al., 1992).
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Mosses
Mosses differ from the two previous groups by numerous morphological characters. Mosses
are differentiated into a stem and leaves, leaves often with nerves. The gametophyte and the
sporophyte of mosses are covered with a surface layer which is similar to the cuticle of
vascular plants (Cook & Graham, 1998). The sporophyte is composed of a capsule which
rises from the gametophyte by elongation of the seta (Buck & Goffinet, 2000). The capsules
contain columellae and possesses stomates, characters also present in the hornworts. In most
mosses, peristome teeth are present at the capsule mouth. The peristome teeth are generally
composed of cell walls remnants (Edwards, 1979). Their hygroscopic movements help in the
dispersal of spores. This morphological character (a peristome) is unique to the mosses. No
elaters are present. Mosses occupy a very wide range of ecosystems (Bates, 2000). They are
found in the wet and shaded habitats. They can also dominate certain biotops such as rocky
hillsides and extreme regions of the Northern and Southern hemispheres. Certain species of
mosses tolerate long periods of very low temperatures. Species are also found in the desert
and on rocks exposed to arid conditions and extreme temperatures. Many mosses can tolerate
long period of desiccation (Wood et al., 1999). Table 1.1 presents a synthesis of
morphological characters present in the three groups of bryophytes.
Hornworts Liverworts Mosses
Protonema Little developed Little developed Well-developed
Rhizoids Unicellular non-branched Unicellular non-branched Pluricellular and branched
Gametophyte Thallus Thallus or stem and leaves Stem and leaves
Symmetry Dorsi-ventral Dorsi-ventral Radial

















No valves (except Andreales)
No elaters
Stomata On capsule No stomata At capsule base
Table 1.1: characteristics and comparisons of the three groups of bryophytes, hornworts, liverworts and mosses
(according to De Ferré, 1979).
Phylogenetic relationships within bryophytes
Goffinet (2000) proposed a synthesis of the various schools of thought over the last twenty
years relative to the phylogenetic relationships of bryophytes. The following paragraph
outlines the main ideas concerning these various phylogenetic hypotheses. As Goffinet (2000)
explained, phylogenetic relationships between the three groups of bryophytes have been the
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subject of debate over recent years (for example Nishiyama & Kato, 1999; Qiu & Palmer,
1999). Indeed, the monophyly of bryophytes was contradicted repeatedly, amongst others by
Mishler and Churchill (1984; 1985), Mishler et al. (1994) and Renzaglia et al. (2000). In these
three articles, the paraphyly of bryophytes was shown using a combination of morphological
and molecular characters.
Nishiyama and Kato (1999) and Nickrent et al. (2000) with a combination of chloroplast and
nuclear markers as well as Renzaglia et al. (2000) with a combination of morphological and
molecular characters, showed that the hornworts were likely the first lineage of bryophytes to
colonize land, as this group is basal in the clade. Mishler and Churchill (1984; 1985) using
morphological characters, Lewis et al. (1997) using the chloroplast sequence rbcL and Qiu
and Palmer (1999) using three groups of mitonchondrial introns questioned the basal position
of the hornworts. They concluded that the liverworts were the oldest lineage of embryophytes.
In these articles, the liverworts were clearly in basal position in the phylogeny of the land
plants, whereas hornworts were the closest to vascular plants. Recently, Kelch et al. (2004)
using genomic characters confirmed that the hornworts were sister to the vascular plants
whereas the liverworts were basal in the phylogeny of the land plants (Fig. 1.1).
Figure 1.1: Classification of the first embryophytes, strict consensus tree of 14 most parsimonious trees. Values
above branches represent bootstrap values; values below branches represent decay values; 1. Liverworts, 2.
Mosses, 3. Hornworts (after Kelch et al., 2004).
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1.2 Systematics of mosses
The systematics of mosses up until the end of the 19th century
The development of microscopes allowed scientists to perceive the details of the mosses and
for modern bryology to be established. The paragraph below, summarized in Table 1.2,
presents the moss classifications from the beginning of moss nomenclature to the end of the
twentieth century.
Micheli (1729) was one of the first authors to describe and to name mosses (Schofield, 1985).
Micheli considered them as similar to vascular plants but realized, however, that spores were
not equivalent to pollen. Dillenius (1741) described and classified cryptogams into 20 genera
in 'Historia Muscorum'. Cryptogamic genera described by this author are distributed at
present between three 'plant' groups algae, lichens and embryophytes (mosses and lycopods).
For bryophytes, Linnaeus (1753) was directly influenced by Dillenius and his 'Historia
Muscorum', when he wrote 'Species Plantarum' (Schofield, 1985). Linnaeus grouped 10
genera under the name 'Musci'. Eight of these genera were mosses in the modern sense. At the
same time, he classified the liverworts under the heading 'Algae'. Hedwig (1782) was among
the first to use microscopic characters within his work. He understood correctly the role of
antheridia, archegonia, capsules and spores in mosses. This author separated clearly the
liverworts from the mosses (Schofield, 1985). Hedwig (1801), in his work 'Species Muscorum
Frondosorum', described 35 genera of mosses and created a key using essentially peristome
characters (presence/absence, shape) as well as the position and structure of antheridia (Vitt,
1984). For mosses (except Sphagnum L.), Hedwig (1801) is the starting point of moss
nomenclature, since the third Congress of Botany in Brussels in 1910 (Geissler, 2000).
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Table 1.2: Summary of moss classification according to authors from starting point of the moss names (1801) to
the end of the 20th century.
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Hooker and Taylor (1818) completed a key of mosses with the characters previously used by
Hedwig (1782; 1801) and also considered sporophyte and gametophyte positions. Bridel
(1819) separated mosses into two groups, mainly based on the lateral or terminal position of
archegonia (or sporophytes) on the gametophyte. He gave the name Acrocarpi (female
gametangia in terminal position on the stem) and Pleurocarpi (female gametangia in lateral
position on the stem) to these two groups. Nees von Esenbeck et al. (1823) used this
terminology within their classification. Schimper (1856) used the same concept and separated
mosses into two orders: I. Musci Acrocarpi and II. Musci Pleurocarpi (Vitt, 1984).
Acrocarpous mosses could be cleistocarpous (indehiscent capsules) or stegocarpous
(deciduous opercula). Then, Müller (1849, 1851) divided mosses into three main classes:
Schistocarpi (capsules with longitudinal valves, Andreaeales), Cleistocarpi (capsules without
operculum, for example Phascum Hedw.) and Stegocarpi (capsules with operculum, for
example Bryum Hedw.) the last class being divided into Acrocarpi and Pleurocarpi.
Mitten (1859) considered that the pleurocarpous/acrocarpous division was not convincing.
Thus he mainly used characters connected to the peristome teeth and separated mosses in two
main groups: Nematodontes (with a peristome constituted of layers of whole cells from 32 to
64 lingulate teeth) and Arthrodontes (with a peristome formed by two parts having one
external row of 16 articulated teeth and one internal row composed of membranes, 1 to 2 rows
of teeth). This separation allowed for the differentiation of the Tetraphidales and the
Polytrichales from the Bryales. Philibert (1884a; 1884b; 1885; 1886; 1887; 1888; 1889; 1890;
1896; 1901; 1902) defined the most used concept in the 20th century for the classification of
mosses: he still considered the Nematodontous of Arthrodontous mosses independently
according to Mitten (1859), but the Arthrodontous mosses were then divided into Aplolepidae
(= Haplolepidae) and Diplolepidae. Diplolepidae possessed two rows of peristome teeth. This
terminology, used to name the external layer of the peristome resulted from the Greek word
λεποσ  which means scale (Philibert, 1884a, for more details see Box 1).
Bryophyte systematics in the 20th century
Fleischer (1923) and Brotherus (1923; 1924) formulated the classification that has been used
up until recent times. These two authors separated the 'Muscinées' into three subclasses:
Sphagnales, Andreales and Bryales, the subclass of Bryales being divided into three groups or
'Reihengruppen': Eubrynales (containing Arthrodontous mosses, for example Bryales and
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Grimmiales), Buxbauminales (for example Buxbaumiales) and Polytrichinales (containing
Nematondontous mosses, for example Polytrichales).
Two trends were present in the 20th century: the first with Reimers (1954) and Dixon (1932)
who thought that Haplolepidae was more ancient than the Diplolepidae in the group of
Arthrodontous mosses at an evolutionary level (Vitt et al., 1998) and the second presented by
Crosby (1980) and Vitt (1984), amongst others, who thought that the Diplolepidae were the
most ancient. These latter authors suspected, that the evolutionary tendency of the
Arthrodontous peristomes was towards reduction and simplification. Vitt (1984) added that
the groups of Nematodontous and Arthrodontous mosses were each monophyletic.
Vitt et al. (1998) summarized the classifications up to the end of the 20th century. They
divided the Bryidae (corresponding to Arthrodontous mosses for these authors) into four
groups morphologically differentiated by their peristome: type Funaria (Funariidae), type
Orthotrichum (Orthotrichidae), type Bryum (Bryidae) and type Dicranum (Dicranidae). The
first three types belonged to the Diplolepidae and the fourth type to the Haplolepidae. These
four groups were descendants of a diplolepidous ancestor (Vitt et al., 1998). As a result
Diplolepidae was paraphyletic whereas Haplolepidae was monophyletic. In a study using
molecular characters (18S, trnL-trnF and rps4) concerning the Arthrodontous mosses, Cox
and Hedderson (1999) confirmed the idea of Vitt et al. (1998) and placed the Haplolepidae
after the 'Diplolepidae opposite' (Funariinae which have the type of peristome defined as
being plesiotypicous), the Funariinae being situated in a basal position in the phylogenetic
tree of the mosses. In a study on mosses Goffinet et al. (2001) partially confirmed the
conclusions of the previous study using the chloroplat sequence rps4 and showed the
monophyly of the various groups described previously.
La Farge et al. (2000) published a molecular analysis on the Haplolepidae (class of
Dicranidae), using a combination of three chloroplast sequences (rbcL, trnL-trnF and rps4)
and concluded that the Haplolepidae were monophyletic and that three main orders could be
distinguished in this class: Dicranales, Pottiales and Grimmiales. Newton et al. (2000) using
morphological and molecular characters (rbcL, trnL-trnF, rps4 and 18S) showed that the
Haplolepidae were monophyletic. Hedderson et al. (2004) in a study on the Haplolepidae
using the chloroplast marker rps4 also confirmed the monophyly of the Dicranidae as
concluded in La Farge et al. (2000).
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Box 1. A long debate: Haplolepidae and Diplolepidae
Let us return in detail to the two groups of mosses described by Philibert (1884-1902): haplolepidous
and diplolepidous mosses. The work of this author was not well-understood by his successors,
especially because the publications including no illustrations (Edwards, 1979). Later authors indeed
retained only the concept of 'haplolepidous' which referred to mosses having a single row of peristome
teeth, and of 'diplolepidous', which referred to mosses having two rows of peristome teeth. The
concept of Philibert concerned, however, the construction of the external row of peristome teeth (or of
the single row of the Haplolepidae) and not the number of rows. Philibert showed that 'haplolepidae'
type had only one column (or one arranged vertical line) of cells on the external face of the teeth,
whereas 'diplolepidae' type possessed two columns of cells on the external teeth. The row of peristome
teeth of the Haplolepidae were equivalent to the internal row of the peristome teeth of Diplolepidae,
and not to the external row (Edwards, 1979). Philibert also compared two types of non- homologous
organs. The external row of Diplolepidae had no homologous row or only relics in the Haplolepidae
(as already suggested by Philibert in 1896).
Edwards (1979) studied in detail the composition of the Haplolepidae and Diplolepidae peristome
teeth. Both types of teeth were formed by the thickening of periclinal walls present between the three
layers of cells composing the amphithecium. The three cellular layers were, starting from the
amphithecium external row: Inner Peristomial Layer (IPL), Primary Peristomial Layer (PPL) as well
as Outer Peristomial Layer (OPL) (Blomquist & Robertson, 1941).
Edwards (1979; 1984) showed the constancy of what he called the peristomial formula in
arthrodontous mosses. He listed the number of typical cells for every peristomial layer on 1/8-th of the
mature capsule circumference. Walls situated amongst OPL and PPL formed the exostome
(contraction of exo-peristome) which was the external row of the Diplolepidae teeth and which was
reduced in the Haplolepidae (Edwards, 1979). PPL and IPL's walls formed the endostome (contraction
of endo-peristome) which formed the internal peristome of Diplolepidae and the main structure of the
Haplolepidae peristomes (Blomquist & Robertson, 1941). The number of OPL and PPL was relatively
stable, variation being essentially in the number of IPL. For Diplolepidae, formulae varied from 4:2:2
(OPL:PPL:IPL) to 4:2:14. There were 32 cells in the layer OPL, 16 in the PPL and from 16 to 112
cells in the layer IPL. For Haplolepidae, this number of cells was much more constant and the formula
was generally of 0:2:3, also 0 cells in the layer OPL, 16 in the layer PPL and 24 in the layer IPL.
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Phylogenetic position of the family Grimmiaceae
Grimmiaceae belongs the haplolepidous mosses. Using morphological characters, Vitt (1984)
placed this family in the subclass of the Bryidae, the order Bryales and the suborder of
Grimmiineae with the Seligeriineae. Their systematic position was mainly due to their
peristome teeth (haplolepidous type). Grimmiineae contained the families of Ptychomitriaceae
and Grimmiaceae. Buck and Goffinet (2000) presented a classification mainly based on
morphological characters and placed the Grimmiaceae in the subclass Dicranidae
(haplolepidous peristome), order Grimmiales. For these authors, the order of Grimmiales
included the Grimmiaceae and Ptychomitriaceae, as well as the Scouleriaceae and
Drummondiaceae. In a molecular study (rbcL, trnL-trnF and rps4) concerning the
Haplolepidae, La Farge et al. (2000) confirmed that this order contained Grimmiaceae,
Ptychomitriaceae as well as Seligeriaceae and that the Grimmiales belonged to the
Dicranidae. Regrettably, only four taxa represented this order, which did not allow resolution
inside this clade. In a study on the mosses using the chloroplast marker rps4, Goffinet et al.
(2001) used Grimmia pulvinata (Hedw.) Sm. and Ptychomitrium gardneri Lesq. as
representatives of the Grimmiales. This order appeared in a basal position in the tree of the
Haplolepidae. Tsubota et al. (2003) published a study of the Grimmiales using the chloroplast
sequence rbcL. They used 24 species of Grimmiales, with 13 members of the Grimmiaceae.
The Grimmiaceae was monophyletic and sister to the family Ptychomitriaceae, these two
families constituted the Grimmiales. Finally, Hedderson et al. (2004), using the chloroplast
sequence rps4 and nine species of Grimmiaceae in a phylogenetic study on haplolepidous




The Grimmiaceae is a moss family including between 8 and 10 genera, and 150 to 200
species, according to different authors. Grimmia Hedw. is the most important genus within
the Grimmiaceae based on the number of species (Muñoz, 1998a). Grimmiaceae are found
growing on all five continents, in temperate and polar regions and in the mountains in the
tropical zones (Churchill, 1981). All the species of Grimmiaceae are saxicolous, except
Racomitrium canescens (Hedw). Brid. which grows directly on the soil (Loeske, 1913). Most
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Grimmia species are absent from calcareous substrates, but certain taxa, such as Schistidium
Brid., are found abundantly on these substrates. The family members grow in sunny places
(photophilous), except two species which prefer shaded conditions, Grimmia incurva Brid.
and G. torquata Drumm. ((Loeske, 1913). Grimmiaceae members are xerophilous, but
respond very fast to moistening (Loeske, 1913). Hydrogrimmia mollis (Bruch & Schimp.)
Loeske and some species of Racomitrium (i.e. R. aquaticum (Brid. ex Schrad.) Brid.) grow in
wet environments (Loeske, 1913; Nyholm, 1998).
Dixon (1927) listed 24 specimens of fossils belonging to Grimmiaceae found between 1853
and 1924, from the Tertiary (65 to 2 million years ago) and from the Quaternary (2 to 1
million years ago). Fossils of the species Racomitrium microcarpon (Hedw.) Brid. and
Schistidium apocarpum (Hedw). Bruch & Schimp. from the Late Miocene - Early Pliocene
(Tertiary, 7 million years) have also been found in the Canadian arctic region (Birks, 1982).
These two species are extant. The number of Grimmiaceae fossils found is very low compared
to other bryophytes (for example Hypnobryales or Sphagnum), saxicolous species being only
preserved accidentally (Gams, 1932).
Grimmiaceae members are acrocarpous plants. They are characterized by the following
morphological traits: growth-forms in dense cushions or in loose mats; rhizoids generally
situated only at the base of stems; leaves often hygroscopic, but little crisped when dry, and
often with hair-points; leaf margins entire; leaf laminae often bistratose at apex as well as
margins; lamina cells often with thick and sinuous walls; the leaf upper cells small, sometimes
papillose; nerves simple, well-developed and ending in the apex; setae terminal or lateral,
straight or curved, short or exserted, generally in an anticlockwise spiral (except in some
Racomitrium Brid.), capsules exserted or immersed, subglobulose or cylindrical and generally
possess stomata at the base; annuli can be absent; perisome haplolepidous, 16 teeth; calyptrae
generally cucullate or mitrate (Loeske, 1913; Smith, 1978; Crum & Anderson, 1981; Buck &
Goffinet, 2000).
The sexual reproduction systems of the Grimmiaceae are dioicous (male and female
gametophytes separated) or autoicous (male and female 'inflorescences' on the same plant;
Wyatt & Anderson, 1984). Species such as Grimmia hartmanii Schimp., G. torquata or G.
anomala Schimp. have not known or infrequent sexual reproduction (no sporophytes in spite
of the presence of female archegonia), and instead have asexual reproduction (gemmae
production).
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Systematics of Grimmiaceae
The family Grimmiaceae has a complex history. The paragraph below, summarized in Table
1.3, shows the main systematic trends concerning the Grimmiaceae from the 19th to the 20th
century.
Initially, in 'Species Muscorum Frondosorum' Hedwig (1801) described the genus Grimmia
based on following morphological characters: simple peristomes with 16 reflexed teeth,
axillary 'male flowers' and capituliforme apices. His genus contained the following five
species: G. apocarpa Hedw. (= Schistidium apocarpum), G. alpicola Hedw. (= Schistidium
alpicola (Hedw.) Limpr.), G. plagiopodia Hedw., G. recurvata Hedw. (= Seligeria recurvata
(Hedw.) Bruch & Schimp.), G. cribrosa Hedw. (= Coscinodon cribrosus (Hedw.) Spruce).
Grimmia plagiopodia which is the only species still considered as belonging to Grimmia, was
chosen as the lectotype for the genus Grimmia (Mårtensson, 1956). The name Grimmia was
given in honour of J. F. C. Grimm, a physician-botanist from Gotha in Germany (Crum &
Anderson, 1981).
Weber and Mohr (1803; 1804) added many species to the list of Grimmia previously
established by Hedwig (1801). Some of these species belong now to various modern genera
such as Blindia Bruch & Schimp. (Seligeriaceae) or Bryoerythrophyllum P.C.Chen
(Pottiaceae). On the other hand, certain Grimmia species were placed in genera belonging to
different families, such as G. alpestris (F.Weber & D.Mohr) Schleich. (previously G. sudetica
Schwägr. nom. illeg.) in the genus Trichostomum Bruch (Pottiaceae) as T. pulvinatum var.
alpestre F.Weber & D.Mohr. At that time, delimitation of genera was mainly based on
peristome morphology. In the case of Grimmia, the peristome is simple, composed of 16
lanceolate teeth and perforate at the top (typical of Haplolepidae).
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Table 1.3: synthesis of the principal views concerning the genus Grimmia and allied genera from 1801 to
present, ° subsections within Grimmia
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In 'Anleitung zur Kenntniss der Gewächse', Sprengel (1804) described the genus Coscinodon
Spreng. from the Greek χοσχινον (perforate) and οδον (tooth) based on the following
sporophytic character: peristome teeth are perforated (Hastings, 1999). Bridel (1819)
considered 17 species of Grimmia in 'Muscologia Recentiorum Supplementum'. He defined
the genus with the characters of pyramidal and reflexed peristome teeth and mitrate calyptrae.
Bridel (1819) introduced notions of Schistidium from Greek σχηιστοσ  (fringed, because of
the calyptrae) and of Racomitrium from Greek ραχοσ  (fringed) and µιτριοσ  (hat, mitre) in
reference, rather inappropriately, to calyptra, a little lobate at the base (Crum & Anderson,
1981). Bridel (1819) described the genus Schistidium with the characters 'stoma nudum'
(absence of peristome teeth), and mitrate to campanulate-conical calyptrae with fringed bases.
The loss of the peristome has appeared in several groups (convergence), taxonomical value of
this character was also limited (Bremer, 1981). Bridel described Racomitrium using characters
from the sporophyte: peristome teeth with bases divided in two, three or four parts, mitrate or
campanulo-subulate calyptrae, with generally lobate bases. In 1826, this author added a series
of species to Schistidium and separated the genus Dryptodon Brid. from Grimmia due to the
following characters: simple peristome with 16 unequally bifid teeth or with split apices,
mitrate calyptrae with fringed bases, symmetrical urns and the presence of annuli.
Bruch et al. (1845) in 'Bryologia Europaea' placed certain Grimmia species together with the
Schistidium pulvinatum (Hedw.) Brid. of Bridel (1819) in a group of Schistidium which
seemed much more natural for these authors. Their definition of Schistidium was: ovate-
lanceolate or lanceolate leaves with hair-points, cellular tissue consisting of small cells, cells a
little more lengthened and hexagonal at the base, immersed capsules carried on short setae,
small calyptrae fringed in 5 lobes and columellae welded to opercula. This definition was
similar to the current concept of the genus Schistidium (Bremer, 1981). These authors defined
the genus Grimmia using the morphological characters: lanceolate or linear-lanceolate leaves
with hair-points, small upper lamina cells, long and rectangular basal cells, short setae with
immersed capsules or long setae with exserted capsules, smooth or ribbed capsules and
mitrate or cucullate calyptrae. Bruch et al. (1845) recognized four independent genera:
Coscinodon, Grimmia, Schistidium and Racomitrium, Dryptodon (Brid.) Bruch & Schimp.
being considered as a subgenus of Racomitrium. Hampe (1846) in a bryological note in the
'Botanische Zeitung (Berlin)' considered the species of Grimmia with cucullate calyptrae as an
independent genus he called Guembelia Hampe.
15| Chapter 1: Introduction
Schimper (1856) reduced to Grimmia  subgenera Guembelia (Hampe) Schimp. and
Schistidium (Brid.) Schimp. Furthermore, this author abolished the notion of the genus
Dryptodon. Schimper (1876) considered the following groups as being a part of the
Grimmiaceae: Cinclidotae, Grimmiae, Hedwigieae, Ptychomitrieae, Zygodontae,
Orthotricheae and Encalyptae. The Grimmiae contained the following two genera: Grimmia,
and Racomitrium. The Ptychomitriae was composed of three genera: Ptychomitrium Fürnr.,
Glyphomitrium Brid. and Coscinodon.
Limpricht (1890) in 'die Laubmoose Deutschlands, Oesterreichs und der Schweiz' excluded
Orthotrichaceae from the family Grimmiaceae and considered only species having a single
row of peristome teeth as being a part of Grimmiaceae. This author also considered the 6
genera to be arranged into two groups: the Cinclidoteae group composed of Cinclidotus
P.Beauv. and the Grimmiae group composed of Schistidium, Coscinodon, Grimmia,
Dryptodon and Racomitrium.
Hagen (1909), in the Scandinavian flora of bryophytes 'Forarbejder til in Norsk Løvmosflora,
IX. Grimmiaceae' re-used the concept of the family of Grimmiaceae established by his
predecessors (for example Müller, 1849, 1851) but supported Limpricht (1890) in his choice
to exclude taxa now considered as members of the Orthotricaceae from the Grimmiaceae.
Grimmiaceae contained the genera Cinclidotus, Grimmia, Schistidium, Coscinodon,
Indusiella Broth. & Müll.Hal., Racomitrium and Brachysteleum Rchb. The author added a
note concerning Brachysteleum which warned the reader that this genus might not belong to
the Grimmiaceae. Hagen suggested that this genus should be closer to a family which would
also included Campylosteleum Solms (nom. invalid for Campylostelium Bruch & Schimp.),
this group being closer to the Pottiaceae. However, Hagen did not make a decision with
regard to this problem and left Brachysteleum in the Grimmiaceae, after noting his doubts.
This author also took out of the Grimmiaceae the following three genera: Hedwigia P.Beauv.,
Hedwigidium Bruch & Schimp. and Braunia Bruch & Schimp. He placed them in the group
of 'Cryphaea'.
Loeske (1910) had doubts about the position of the Ptychomitriae and moved them closer to
the Orthotrichaceae. In his monograph on the Grimmiaceae of Europe (1913), Loeske tried to
sort out the various genera belonging to the family of Grimmiaceae. He concluded that
Cinclidotus was inseparable from Dialytrichia (Schimp.) Limpr. and from Tortula Hedw., and
that these three genera belonged to the Pottiaceae. Brachysteleum was excluded from the
Grimmiaceae and moved closer to the Orthotrichaceae. The group of Grimmiaceae then
seemed more natural to the author. Loeske (1913) considered five genera as belonging in the
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Grimmiaceae: Grimmia, Coscinodon, Racomitrium, Schistidium and Hydrogrimmia (I.Hagen)
Loeske. Hydrogrimmia, first described by Hagen (1909) as a subgenus of Grimmia, was
defined by the following characters: soft, flaccid leaves, concave, with acute to rounded
apices (sometimes with tiny hair-points), unistratose laminae, cells little differentiated,
quadrate cells in upper lamina, cells widening approaching the leaf base, and nerves
percurrent.
Brotherus (1924) in 'Die natürlichen Pflanzenfamilien' divided the family of Grimmiaceae
into two subfamilies: Scoulerioideae including the genus Scouleria Hook. and Grimmioideae
including the genera Coscinodon, Grimmia, Racomitrium, Aligrimmia R.S.Williams and
Indusiella, with Schistidium considered as a subgenus of Grimmia.
Jones (1933) returned members of the Hedwigiaceae to the Grimmiaceae. For this author,
Grimmiaceae consisted of four subfamilies: Grimmiae, Scouleriae, Hedwigiae and
Ptychomitriae. The Grimmiae was composed of two genera Glyphomitrium and Grimmia, the
Scouleriae of the genus Scouleria, the Hedwigiae of two genera Hedwigia and Braunia and
the Ptychomitriae of three genera Campylostelium, Ptychomitrium and Racomitrium. Jones
(1933) considered that the sporophyte types present in these four sub-families were close
enough to form a family despite the morphological differences at the gametophyte level.
In the study on three Grimmiaceae genera of Japan, Deguchi (1979) considered that the
genera Schistidium, Grimmia and Coscinodon were distinct one from another and
morphologically well-defined. He based his revisions on anatomical and morphological
characters, but underlined the fact that their status as independent genera was very
controversial in literature. The recognition and definition of Schistidium is different between
different bryologists and two schools of thought have appeared (Schistidium recognised at the
generic level or as a subgenus of Grimmia). Bruch et al. (1845), Limpricht (1890 1890),
Loeske (1913; 1930), Podpera (1954), Smith (1978), and Nyholm (1998) considered that
Schistidium was an independent genus, whereas Schimper (1856; 1860; 1876), Boulay (1884),
Hagen (1909), Brotherus (1923; 1924), Jones (1933), and Lawton (1971) thought that
Schistidium was a subgenus of Grimmia. These various hypotheses also touched the genus
Coscinodon. Most of the bryologists considered it to be an independent genus, while some
American authors such as Jones (1933) or Lawton (1971) considered it as a subgenus of
Grimmia.
In 1981, Churchill proposed a re-evaluation of the family of Grimmiaceae using
morphological characters and cladistic analyses techniques. He suggested a rearrangement of
species between the various genera composing the family. He divided this group into three
17| Chapter 1: Introduction
subfamilies: Grimmioidae, Coscinodontoidae and Ptychomitrioidae. In his proposition,
Grimmioidae included the genera Guembelia, 'Rhabdogrimmia', Grimmia, Schistidium, and
provisionarily the genus Hydrogrimmia. His concept of 'Rhabdogrimmia' was considered as a
suggestion of a natural group that needed further investigation. Coscinodontoidae was
composed of Coscinodon, Jaffueliobryum Thér., Indusiella and Aligrimmia. Finally, the
subfamily of Ptychomitrioidae contained the genera Racomitrium, Campylostelium and
Ptychomitrium. This author proposed a novel distribution of the species belonging to this
family across various genera and suggested that a more detailed study on this subject was
needed.
Numerous taxonomical revisions concerning one or several genera of the Grimmiaceae were
completed over recent years, often as regional treatments: Grimmia, Coscinodon and
Schistidium of Japan (Deguchi, 1979), a general revision of Schistidium (Bremer, 1981),
Grimmia and Schistidium of China (Cao & Vitt, 1986), Grimmia of Europe (Greven, 1995),
Grimmia of the world (Greven, 2003), Schistidium apocarpum complex of Norway and
Sweden (Blom, 1996), Coscinodon of South America (Hastings, 1996) and of North America
(Hastings, 1999), subgenus Orthogrimmia Schimp. (Muñoz, 1998a), Grimmia of South
America (Muñoz, 1999), Grimmia  of Central Europe (Maier & Geissler, 1995), the
Mediterranean region (Maier, 2002a) and Himalaya (Maier, 2002b). To date, no new research
concerning the phylogenetic relationships of members of the Grimmiaceae has been done.
The reference classification for the Grimmiaceae in this work follows Loeske (1913). The
genera Grimmia, Schistidium, Coscinodon, Racomitrium and Hydrogrimmia are thus
considered as independent and distinct genera.
1.4 The genus Grimmia
The genus Grimmia consists of approximately seventy recognized species (Muñoz & Pando,
2000). Grimmia is saxicolous, xero-thermophilous and is distributed worldwide. These
species are common in the Northern hemisphere and frequent in the Southern hemisphere
where, in the tropics, they are restricted to the drier mountainous regions (Churchill, 1981).
The genus Grimmia is described in more detail in the introduction of chapter 2 (paragraph
2.1).
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1.5 Interests and aims of the work
Numerous recent morphological studies (Deguchi, 1979; Cao & Vitt, 1986; Greven, 1995;
Maier & Geissler, 1995; Maier, 2002a, b; Greven, 2003; Muñoz, 1998a, b, 1999) provide
good delimitations of the Grimmia species. Limits of the subgenera are much less well-
understood than those of the species and there are numerous sub-generic classifications for
Grimmia (i.e. Smith, 1978; Cao & Vitt, 1986; Nyholm, 1998). No consensus is found in
literature. Cao and Vitt (1986) completed the only modern study concerning the inter-specific
relationships in the genus. These authors used cladistic methods, with a restricted number of
morphological characters, and considered only species of Grimmia found in China without
including any outgroup species. It is not possible to form general conclusions from this study
about the subgeneric classification of Grimmia.
The limits of the genus Grimmia is also a controversial subject (cf. paragraph 1.3). In the only
cladistic study at the level of the family Grimmiaceae, Churchill (1981) using morphological
characters showed that the genus Grimmia, as traditionally defined in the literature, was not
monophyletic. This author suggested complementary studies to investigate his conclusions.
The present work thus provides a modern approach to the phylogenetic study of the genus
Grimmia in the regions of Europe and Asia using morphological and molecular characters, to
test the monophyly of the genus and the various subgenera described in the literature.
Eurasian taxa were chosen for this study because it is one of the diversification centres of
Grimmia.
The aims of this work were:
• To explore phylogenetic relationships between the species of Grimmia from cladistic
analyses based on morphological and anatomical characters from the gametophyte and
from the sporophyte and to compare results with the various subgeneric classifications
found in literature (chapter 2),
• To test the monophyly of Grimmia based on molecular data (chloroplast sequences
trnL-trnF and rps4) and to compare phylogenetic information obtained with that
resulting from the analysis of morphological characters (chapter 3),
• To investigate the infra-specific and intra-specific variability of the chloroplast
sequence trnL-trnF in selected species of Grimmia (chapter 4),
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• To investigate the variability of the nuclear sequence ITS in selected species of
Grimmia (chapter 5).
1.6 Studied species
The material used within this work comes from herbaria of the Conservatoire et Jardin
botaniques de la Ville de Genève (G), Missouri Botanical Garden (MO) and from sampling in
the south of France, Corsica as well as in Switzerland in the cantons of Vaud, Valais and
Graubunden (herb. Streiff). Forty selected species (Appendix 2) represent the majority of the
Grimmia species growing in Central Europe, in the Mediterranean and in Asia (essentially in
the Himalayas), one of the diversification centres of the genus. Maier's publications (Geissler
& Maier, 1995; Maier, 2002a, b), covering the studied geographic zone, serve as
morphological references in this work.
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Chapter 2. Morphological study of the genus Grimmia Hedw. (Grimmiaceae, Bryopsida)
In: Journal of the Hattori Botanical Garden (2005) 97: 317-338.
Abstract. This work investigates the phylogenetic relationships among species of Grimmia
Hedw. using cladistic analyses based on morphological and anatomical characters. The genus
Grimmia is taxonomically difficult, because of morphological homogeneity of both
gametophyte and sporophyte, principally due to growth conditions. The forty Grimmia
species used in this study represent the majority of those found in Europe and Asia. Ten taxa
belonging to the Grimmiaceae and Grimmiales were included as outgroups. Fifty-two
morphological and anatomical traits (33 gametophytic and 19 sporophytic) were identified.
Based on these data, a maximum parsimony (mp) method was applied to construct a
phylogeny of Grimmia. Eight hundred and nineteen mp-trees were found and although they
had relatively low statistical support on the internal branches, the tree topology was stable.
Based on the RC re-weighted consensus tree, Grimmia as currently defined was found to be
paraphyletic. Three subclades corresponding to the subgenera Rhabdogrimmia Limpr.,
Litoneuron I.Hagen and Gasterogrimmia Schimp. were observed in the trees, while the
remainder of the Grimmia species formed an unresolved group indistinct from the other
Grimmiaceae.
Key words: Grimmia, Grimmiales, morphological and anatomical characters, phylogeny
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2.1 Introduction
The genus Grimmia Hedw. belongs to the monophyletic group of mosses called the
Haplolepidae, or alternatively the Dicranidae (2004). Grimmia is the most speciose member
of the Grimmiaceae (Bryopsida, Grimmiales). More than 800 names for Grimmia have been
proposed in literature, and 71 species are currently recognized (Muñoz & Pando, 2000).
Grimmia species are found on every continent (Muñoz & Pando, 2000) mostly in temperate
areas, or on mountains in the tropics. The majority of Grimmia species are saxicolous,
xerothermophilous and acidophilous (Loeske, 1913) and these plants support extreme
conditions in both temperature and dryness. In the Swiss Alps, the altitude record for plants is
for Grimmia sessitana De Not., which was found at 4550 m in the Mont Rose Massif (Maier
& Geissler, 1998).
The genus Grimmia is characterized by small (a few millimeters) or medium (several
centimeters) size stems; a dark brown-green to blackish color; a growth form of small tufts or
cushions (sometimes in dense mats); erect to ascending stems with appressed to erect leaves;
lanceolate leaves that are tapering to the apex (spatulate in G. crinita Brid.); hair-points
generally present; leaves in cross-section keeled or canaliculate; leaf laminae and margins uni-
to multistratose; nerves developed from leaf base to apex, with at least two ventral guide-cells
throughout; setae longer than or as long as the urn, straight or curved; urn symmetrical, rarely
asymmetrical, ovate to cylindrical, generally with stomata at base; peristomes composed of a
single ring of 16 teeth, teeth divided to insertion, entire or irregularly perforate; opercula
rostrate or conical; and cucullate or mitrate calyptrae (Crum & Anderson, 1981; Maier &
Geissler, 1995; Muñoz, 1998; Nyholm, 1998).
Different classifications of the genus Grimmia have been proposed since the description of it
by Hedwig in 1801. Over 90 subgenera or subsections have been described in literature using
both gametophytic and sporophytic characters. The most commonly used subdivisions are
outlined here. Bridel (1819) in ‘Muscologia Recentorium Supplementum’ listed 17 species as
belonging to Grimmia and defined the genus by pyramidal and reflexed peristome teeth, and
mitrate calyptrae (Bridel, 1819). Bridel, in the same publication, described the genus
Schistidium Brid. for 6 species based on the following characters: ‘stoma nudum,’ calyptra
mitrate to campanulate-conical, and fringed at base. Bruch, Schimper and Guembel (1845), in
‘Bryologia Europaea’ treated 26 Grimmia species, defined by lanceolate or linear-lanceolate
leaves, hair-points, small cells in the upper part of leaf laminae, long and rectangular basal
cells, short setae and immersed capsules, or longer setae and exserted capsules, smooth or
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furrowed capsules, and mitrate or cucullate calyptrae. They subdivided the genus into two
tribes: Curvisetae Bruch & Schimp. (curved seta) with 14 species and Rectisetae Bruch &
Schimp. (erect seta) with 11 species (Bruch et al., 1845). Hampe (1846) considered the
‘Grimmien’ species with cucullate calyptrae to constitute an independent genus, which he
named Guembelia Hampe. Schimper (1876) in his ‘Synopsis Muscorum Europaeorum’
recognized 39 species of Grimmia, which he placed in four subgenera: Schistidium (Brid.)
Schimp., Guembelia (Hampe) Schimp., a new subgenus Gasterogrimmia Schimp., and
Grimmia (Hedw.) Schimp. Gasterogrimmia was defined by growth-form in cushions, its short
leaves, monoicous sexuality, calyptrae with five lobes or cucullate, immersed or emergent
capsules with short setae, ovate and bulbous urns, mamillose opercula, peristome lacking or a
peristome with perforate teeth, and differentiated annuli (Schimper, 1876). Limpricht (1890)
in ‘Die Laubmoose Deutschlands, Oesterreichs und der Schweiz’ enumerated 36 species of
Grimmia. He adopted three subgenera previously described by Schimper (Gasterogrimmia,
Grimmia and Guembelia) and introduced a new subgenus, Rhabdogrimmia Limpr., for
species with curved setae, furrowed capsules, mitrate calyptrae (except in Grimmia
orbicularis Wilson), keeled leaves with at least one leaf margin recurved, and variably
multistratose leaf laminae (Limpricht, 1890). Limpricht (1890) recognized Schistidium at the
generic level.
Hagen (1909) in ‘Forarbejder til en Norsk Løvmosflora’ treated 34 species of Grimmia that
he divided into 7 subgenera: Streptocolea I.Hagen, Litoneuron I.Hagen, Rhabdogrimmia,
Schistidium, Gastrogrimmia, Hydrogrimmia I.Hagen and Guembelia. Streptocolea was
defined by leaves not arranged in a spiral, recurved leaf margins, dorsally prominent nerves
with uniform cells, vaginulae in a spiral, and filiform columellae not attached to the opercula
(Hagen, 1909). Litoneuron was characterized by leaves arranged in a spiral, plane leaf
margins, nerves non-prominent dorsally, ovate vaginulae, opercula not attached to columellae
and calyptrae covering completely the opercula (Hagen, 1909). Finally, Hydrogrimmia was
defined by soft and loosely reticulated leaves, dorsally prominent nerves, shortly conical
vaginulae, smooth capsules, ‘columella paene ad fundum capsulae retracta’ interpreted as
columella attached to base of the capsule, and calyptrae covering opercula (Hagen, 1909).
Loeske (1913) in his monograph of the European Grimmiaceae ‘Die Laubmoose Europas. I.
Grimmiaceae,’ divided the 24 species of Grimmia treated into 6 subgenera: Litoneuron,
Guembelia, Ovatae Loeske, Rhabdogrimmia, Torquatae Loeske, and Pulvinatae Loeske. The
subgenus Ovatae was characterized by well-developed dorsally prominent nerves, leaves with
at least one leaf margin recurved, smooth capsules, conical opercula, and cucullate calyptrae.
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The two other subgenera, Torquatae and Pulvinatae were composed of species previously
belonging to the subgenus Rhabdogrimmia sensu Limpricht. Torquatae were robust plants
that had crisped leaves arranged in a spiral. They were both considered close to
Rhabdogrimmia (Loeske, 1913). Loeske described Pulvinatae based on Grimmia pulvinata
(Hedw.) Sm. and this subgenus contained two species (G. pulvinata and G. orbicularis). The
author gave no other morphological characteristics, but remarked that the cell pattern and the
hair-points in these two species looked different than those in the other Rhabdogrimmia
members. Loeske (Loeske, 1913) recognized Hydrogrimmia and Schistidium as independent
genera. Brotherus (1923) in ‘Die Laubmoose Fennoskandias’  and Brotherus (1924) in ‘die
Natürlichen Pflanzenfamilien’ listed over 150 Grimmia species. In both books, the author
recognized the same 7 subgenera: Streptocolea, Schistidium, Hydrogrimmia, Litoneuron,
Guembelia, Rhabdogrimmia, and Gasterogrimmia.
Since Brotherus, no new major subgenera or sections have been described for Grimmia in the
literature. Instead authors have rearranged and/or adopted the existing subgenera or sections
and focused on taxonomy and species level problems. Various taxonomic revisions have been
published for the genus Grimmia, often as regional treatments and including other genera
from the Grimmiaceae: Grimmia, Coscinodon Spreng. and Schistidium from Japan (Deguchi,
1979), Grimmia and Schistidium from China (Cao & Vitt, 1986), Grimmia from Europe
(Greven, 1995), Grimmia of the World (Greven, 2003), the subgenus Orthogrimmia Schimp.
(Muñoz, 1998), Grimmia from South America (Muñoz, 1999), Grimmia from Central Europe
(Maier & Geissler, 1995), from the Mediterranean area (Maier, 2002a), and the Himalaya’s
(Maier, 2002b).
Cladistic and phylogenetic analyses
Churchill (1981) and Cao and Vitt (1986) have examined the relationships between some
species of Grimmia based on morphological characters and using cladistic methods. These
two works are presently the only cladistic studies that have been done for Grimmia. They
include only a small number of species with few morphological characters. Churchill (1981)
suggested that Grimmia was probably paraphyletic, and that complementary studies should be
done to test this hypothesis. Cao and Vitt (1986) studied the classification of 22 Grimmia
species in China and their placement in the different subgenera cited in literature. Since they
considered only Grimmia species and no outgroups in their morphological data set, there was
no possibility to test the paraphyly of the genus Grimmia, as suggested by Churchill (1981).
On a molecular phylogenetic level, few studies have included more than one species of
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Grimmia, because most of these studies were focused on higher level relationships (for
example La Farge et al., 2000, Goffinet et al., 2001). The first study on the Grimmiales has
been recently published (Tsubota et al., 2003) using the cp DNA rbcL marker to investigate
the phylogeny of this group. This study, including 24 species of Grimmiales of which 13 from
the Grimmiaceae, supported the monophyly of the Grimmiaceae, although the analyses lacked
resolution at the genus level. Furthermore, the results suggested the paraphyly of the genus
Grimmia. Finally, a recent study on the Haplolepidae using rps4 sequences included 9
members of Grimmiaceae and two other members of the Grimmiales. The results supported
the monophyly of the family and suggested the paraphyly of the genus Grimmia (Hedderson
et al., 2004).
With the numerous recent taxonomic studies, Grimmia species are in general well-defined.
What remains unclear is the relationships among the species or species groups. This is
reflected in the different classifications presented, and in the recognition and definition of the
various subgenera. One reason for the difficulties in Grimmia subgeneric classification is the
relative homogeneity of morphological traits. Grimmia species share the same kind of habitat,
and similar growth conditions which may explain the homogeneity.
The relatively well-defined species of Grimmia give a good basis from which to develop a
character data set (morphological and/or molecular) and explore some of the problems
concerning the subgeneric classification. The development of the morphological data set will
complement future molecular analyses. The main aims of this research are to use a cladistic
analysis based on morphological and anatomical characters to 1) test phylogenetic
relationships among Grimmia species, 2) test the different infrageneric classifications found in
the literature, and 3) explore character state distribution and the level of morphological
homoplasy in the genus Grimmia.
For this phylogenetic study, 33 gametophytic and 19 sporophytic characters have been used.
The 50 studied specimens (40 species of Grimmia and 10 species from different genera in the
Grimmiales) have been selected to represent a large spectrum of morphological variation and
geographical distribution.
2.2 Material and methods
1. Material
This study is based on 40 species of Grimmia and 10 outgroup taxa (Table 2.1). The selected
taxa represent the majority of species growing in Central Europe, in the Mediterranean Area
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and in the Himalayas. These regions contain the largest number of species from Grimmia
(Muñoz & Pando, 2000). Three works which contained descriptions of the Grimmia species
used in this study have been done by Maier (Maier & Geissler, 1995; Maier, 2002a, b) and
used as a reference for this work.
Table 2.1: Studied species and their position in the different sections proposed by Limpricht (1890), Brotherus








G. alpestris (F.Weber & D.Mohr) Schleich. Guembelia Guembelia Guembelia
Grimmia anodon Bruch & Schimp. Gastrogrimmia Grimmia
Grimmia anomala Hampe ex Schimp. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia atrata Hoppe & Hornsch. Streptocolea Atratae
Grimmia austrofunalis Müll.Hal. Guembelia
Grimmia caespiticia (Brid.) Jur. Guembelia Guembelia Guembelia
Grimmia crinita Brid. Gasterogrimmia Gastrogrimmia
Grimmia decipiens (K.F.Schultz) Lindb. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia dissimulata E.Maier
Grimmia donniana Sm. Grimmia Guembelia Guembelia
Grimmia elatior Bals.-Criv. & De Not. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia elongata Kaulf. Grimmia Guembelia Guembelia
Grimmia funalis (Schwägr.) Bruch & Schimp. Rhabdogrimmia Guembelia Rhabdogrimmia
Grimmia fuscolutea Hook. Grimmia Guembelia Rhabdogrimmia
Grimmia handelii Broth.
Grimmia hartmanii Schimp. *Dryptodon hartmanii Rhabdogrimmia Rhabdogrimmia
Grimmia incurva Schwägr. Grimmia Rhabdogrimmia Rhabdogrimmia
Grimmia indica (Dixon & P.de la Varde) Goffinet & Greven
Grimmia khasiana Mitt.
Grimmia laevigata (Brid.) Brid. Grimmia Litoneuron Litoneuron
Grimmia lisae De Not. Rhabdogrimmia Rhabdogrimmia
Grimmia longirostris Hook. Grimmia Guembelia Atratae
Grimmia macrotheca Mitt.
Grimmia mammosa C.H.Cao & T.Cao
Grimmia meridionalis (Müll.Hal.) E. Maier
Grimmia montana Bruch & Schimp. Guembelia Guembelia Guembelia
Grimmia muehlenbeckii Schimp. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia orbicularis Wilson Rhabdogrimmia Rhabdogrimmia
Grimmia ovalis (Hedw.) Lindb. Grimmia Guembelia Litoneuron
Grimmia percarinata (Dixon & Sakurai) Deguchi
Grimmia pilifera P.Beauv.
Grimmia plagiopodia Hedw. Gasterogrimmia Gasterogrimmia Grimmia
Grimmia pulvinata (Hedw.) Sm. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia ramondii (Lam. & DC.) Margad. *Dryptodon patens Rhabdogrimmia Rhabdogrimmia
Grimmia sessitana De Not. Grimmia Guembelia Guembelia
Grimmia teretinervis Limpr. *Schistidium teretinerve
Grimmia tergestina Bruch & Schimp. Grimmia Litoneuron Litoneuron
Grimmia torquata Hook. & Drumm. Rhabdogrimmia Rhabdogrimmia Rhabdogrimmia
Grimmia trichophylla Grev. Rhabdogrimmia Rhabdogrimmia
Grimmia unicolor Hook. Grimmia Litoneuron Litoneuron
Outgroup species
Campylostelium pitardii (Corb.) E.Maier Gastrogrimmia
Coscinodon calyptratus(Hook. in Drum.) Kindb.
Coscinodon cribrosus (Hedw.) Spruce *Coscinodon cribrosus *C. cribrosus
Hydrogrimmia mollis (Bruch & Schimp.) Loeske Guembelia Hydrogrimmia Hydrogrimmia
Ptychomitrium crispatum (Hedw.) A.Jaeger
Ptychomitrium polyphyllum (Sw.) Bruch & Schimp.








Racomitrium crispulum (Hook.f. & Wilson) Hook.f. &
Wilson




In order to encompass intraspecific variability, three samples per species have been chosen
from across a large geographic range, except where there was insufficient herbarium material
available (Appendix 3). Species nomenclature follows Table 2.1 and all author names are
cited here. In Table 2.1, the arrangement of the species used in this study in the different
subgenera following three authors is presented (Limpricht, 1890; Brotherus, 1924; Nyholm,
1998). The specimens used in this work came from the bryophyte herbarium of Conservatoire
et Jardin Botaniques de la Ville de Genève (G) and from collections made in France, Corsica
and Switzerland (hb. Streiff).
Ten species from the Grimmiales (Buck & Goffinet, 2000) have been chosen as outgroups.
Coscinodon cribrosus, C. calyptratus, Hydrogrimmia mollis, Schistidium apocarpum s.l.,
Racomitrium aciculare, and R. crispulum were sampled as representatives of Grimmiaceae,
and Ptychomitrium polyphyllum, P. crispatum (Ptychomitriaceae), Campylostelium pitardii
(Ptychomitriaceae), and Scouleria aquatica (Scouleriaceae) as representatives of two families
related to Grimmiaceae. The outgroup species have been selected based on the classification
system of Buck and Goffinet (2000).
2. Character coding
Morphological and anatomical characters were observed, and coded from each herbarium
sample listed in Appendix 3. Characters referring to size or measure of size were not used
extensively in the analysis since size may be correlated to phenotypic variability. A total of 52
characters (33 gametophytic and 19 sporophytic characters) were evaluated from the
specimens. These characters and character states were described and are listed in the
following paragraph. Character states were coded (0), (1) or (2). This order did not indicate
plesiomorphic or apomorphic states (no polarization). All characters were coded as unordered
and treated as discontinuous. Missing values were coded as “?” if the character is not present
in the specimen and as “-” if the character doesn’t exist in the species (for example peristome
teeth are always absent in Grimmia anodon). Information on characters was also obtained
from the literature. Coded character states for each species are presented in Table 2.2.
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3. List of morphological characters
Gametophytic characters
1. Growth-form is a cushion (as in Grimmia orbicularis, Appendix 4.1) (0), a loose mat (as in
G. elatior, Appendix 4.2) (1) or a compact mat (as in G. muehlenbeckii, Appendix 4.3) (2).
2. The plant is dioicous (0) or autoicous (1).
3. Young stems are absent (0) or present (1) in the plant. Young stems are visible when the
cushion is turned over and examined from its base (as in G. funalis). These stems are different
from mature stems and look like small strings. Leaves are very small and appressed to the
stem.
4. In mature plants, leaves are developed regularly along the stem (0) or leaves are well
developed in the upper part of the stem only and form an apical tuft (1).
5. In the upper part of the stem, dry leaves are appressed (0) or spreading (1).
6. In the upper part of the stem, dry and wet leaves are not enrolled and are spreading (0) or
are enrolled in dry state and spreading in wet state (1).
7. Hair-points are absent (0) or present (1) at least in apical leaves (Appendix 4.4). For a lot of
Grimmia, the presence of hair points is variable in a species. Absence of hair point is rare and
found only in G. ramondii, G. unicolor and G. atrata.
8. Hair-point cell lumens are not visible (0) (Appendix 4.4) or are visible (1) (Appendix 4.5)
at the hair-point insertion.
9. Gemmae in apical leaf are absent (0) or present (1). Gemmae grow on the leaf apex (G.
hartmanii or G. anomala, Appendices 4.6, 4.7) or on the leaf base (G. torquata). They are
spherical and composed of a few cells.
10. Central-strand in the stem just under the apex, is present (0) (Appedix 4.8) or absent (1,
Appendix 4.9, Appendix 5A1). Central-strand absence in some genera and species of the
Bryidae is frequent and considered to be the result of a regression (Schofield, 1985).
11. Stem epidermis just under apex is composed of at least a layer of cells with thickened
walls (on a centripetal axis in the stem, lumen width < sum of wall width on each size of the
lumen size) (0), or epidermis is composed of cells with non-thickened walls (on a centripetal
axis in the stem, lumen width > sum of wall width on each size of the lumen) (1).
12. Mature leaves are tapering to apex (0) (Appendix 4.10), have a leaf shoulder (1)
(Appendix 4.11) or are spatulate (as in G. crinita, Appendix 4.12) (2).
13. Leaf basal cells are uniform (0) (Appendix 4.13, Appendix 5Ba) or cells from the upper
part of the leaf descend along the margins to the leaf base (1) (Appendix 4.14).
14. Leaf basal cells are isodiametric (0) (Appendix 4.15), rectangular (1) (Appendix 4.16) or
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elongate (at least 5 times longer than width, Appendix 4.17) (2).
15. Basal cells in ranks are longitudinal (0) or latitudinal (as in G. laevigata) (1) in
orientation.
16. Basal cell-walls are smooth (0) (Appendix 4.15), nodulose (1) (Appendix 4.16) or sinuose
(as in Racomitrium, Appendix 4.17) (2).
17. Laminal cells between the basal and the upper cells (transition zone, Appendix 5Bb) are
isodiametric (0) (Appendix 4.18) or rectangular (1) (Appendix 4.19).
18. Laminal cells between the basal and the upper cells (transition zone) have smooth walls
(0) (Appendix 4.18) or sinuose walls (1) (Appendix 4.19).
19. Marginal cells at the leaves are not differentiated (as in G. alpestris, Appendix 4.20) (0) or
are differentiated from base to mid-leaf (as in G. lisae, Appendix 4.14) (1).
20. In transverse section at mid-leaf, lamina is unistratose (0) (Appendix 4.21, Appendix
5B2), multistratose (1) (Appendix 4.22) or variably uni- or multistratose (2) (Appendix 4.23).
21. In transverse section at mid-leaf, the margin is unistratose (0) (Appendix 4.24) or bi- or
multistratose (1) (Appendix 4.22).
22. In transverse section at mid-leaf, leaf is canaliculate (0) (Appendix 4.25), keeled (1)
(Appendix 4.23) or in a W-shape (as in G. alpestris, Appendix 4.26) (2).
23. In transverse section at mid-leaf, nerve ventral surface is rounded (0) (Appendix 4.23) or
furrowed (1) (Appendix 4.27).
24. In transverse section at mid-leaf, margins are plane (0) (Appendix 4.27), margins are
recurved on both side (1) (Appendix 4.28) or margins are recurved on one side (2) (Appendix
4.29).
25. In transverse section at mid-leaf, the cells are smooth (0) (Appendix 4.30) or with
mamillae (or papillae, Appendix 4.22) (1).
26. In transverse section at mid-leaf, cell walls have no “joint thickening” (0) (Appendix 4.30)
or have a “joint thickening” (1) (Appendix 4.31). Definition of “joint thickening” is from
Deguchi (1979): thickenings which develop strictly in both extremities from the vertical walls
in leaf transverse section, otherwise in the joints where the vertical walls are in contact with
free wall of lamina cells.
27. In transverse section at mid-leaf, nerve is rounded (0) (Appendix 4.30) or angular (1)
(Appendix 4.32).
28. In transverse section from mid-leaf, nerve is well-developed to the apex (0) or nerve is
poorly developed from mid-leaf (1). In G. khasiana or G. laevigata for example, the nerve is
visible when looking at the leaf, but when the leaf is sectioned the nerve is not clearly
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differentiated in the upper part of the leaf.
29. In transverse section at mid-leaf, guide-cells are in a median position (0) (Appendices
4.33-4.34) or in a ventral position (1).
30. In transverse section at mid-leaf, guide-cells are in one rank (0) (Appendix 4.23) or in two
ranks (as in G. elatior, Appendix 4.35) (1).
31. In transverse section at mid-leaf, there are more than 4 guide-cells (0) (Appendix 4.33), 4
guide-cells (1) (Appendix 4.21) or 2 guide-cells (2) (Appendix 4.23).
32. In transverse section, at leaf insertion, there are more than 6 guide-cells (0), 6 guide-cells
(1) or 4 guide-cells (2).
33. In transverse section of the leaf, hydroids are absent in the nerve (0), are present only at
leaf base (1) or are present from the base up to the middle of the leaf (2).
Sporophytic characters
34. Capsule is exserted (the seta is coming out of the cushion and is longer than the urn) (0),
or immersed (the seta is at most as long as the urn).
35. When the plant is humid, the seta is straight (0) or curved (1).
36. When the plant is dry, the seta is not twisted (0) or is twisted in an anti-clockwise
direction (1).
37. Perichaetial leaves are not differentiated from stem leaves (0) or are different from stem
leaves: of a larger size and strongly enveloping the seta (1).
38. The mature capsule full of spores and with its operculum still attached is cylindrical (0) or
ovate (1).
39. The operculum is conical (0) or rostrate (1).
40. The calyptra is cucullate (0) or mitrate (1).
41. The calyptra is plicate (0) or smooth (1).
42. The capsule base is not differentiated (0) or is differentiated into a neck (1).
43. When the capsule is dry, it is smooth (0) or furrowed (1).
44. The capsule mouth, after spore release, is constricted (0), straight (1) or flared (2).
45. The columella is attached to the operculum (Schistidium and Scouleria) (0) or is free from
operculum and remains in the capsule (1).
46. The annulus is absent (0) or is detached in pieces or spirally (1) (Appendix 4.36,
Appendix 5A2).
47. Stomata are absent (0) or present at capsule base (1) (Appendix 4.37).
48. The peristome is well-developed (0) (Appendix 4.38) or absent (1) (Appendix 4.39).
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Grimmia anodon does not have a peristome and is the only Grimmia with this trait. The
following characters 49, 50 and 51 have been therefore coded as “-“ for this species.
49. Peristome teeth are inserted at capsule mouth (0) or are inserted below the mouth (1)
(Appendix 4.40).
Table 2.2: Matrix of characters for ingroup and outgroup species. Character states with more than one number
indicate polymorphism. « ? » is used in case of missing information on a character and « - » in case of an absent
character. Taxa with a majority of sporophyte character states replaced by question marks are species where



























Grimmia alpestris 00010 01100 11010 00002 12100 00010 22200 11000 11011 00011
 1
10
Grimmia anodon 01010 01100 11010 00110
 1  2
11000 00010 22211 11101 10021 011-- -0
Grimmia anomala 10001 01110 01110 00112 11021 10010 220?1 ??011 ????? 0???1 ??
Grimmia atrata 00000 00-00
    1
01110 11110
    2




   1
01110 11110 01020 00010 22001 ???11 1?1?1 11??0 10
Grimmia caespiticia 00100 01100 11010 00002 12101 00010 22100 11000 11011 01010 10
Grimmia crinita 21110 01100 12010 00110 00000 00010 22211 11100 11001 11000 10




   1
01110 00112 11020 10010 22211 10011 11101 11001 10
Grimmia donniana 01110 01000 11020 01102 11100 00010 22200
   1
11101 11001 01010 10
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01110
1
01112 11120 00010 22200 11100
    1
11011 11010 10
Grimmia funalis 00110 01000 01120 11112 11020 00010 22201 1?101 111?1 1?001 10
Grimmia fuscolutea 01001
  1
01000 10120 01110 11010 00010 22101 10101
   1
11011 11010 10
Grimmia handelii 10101 00-00 01120 01110
    2
11010 00010 220?? ????? ????? ????? ??
Grimmia hartmanii 10001 01111 01110 01112
1
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11011 110?1 1?011 10
Grimmia indica 10001 00-01 10020 01100 01010 00010 10000 11010
    1
?10?1 11011 10
Grimmia khasiana 10011 01000 11110 01111 10000 00110 10200 1111? ?10?1 11011 10
Grimmia laevigata 20010
  1
01000 11101 00011 00000 00110 10200 10111 11001 11011 10
Grimmia lisae 10001 01100
   1
01110 00110
    2
11020 00010
1




   2
01112 11020 00010 11000 11000 11011 11010 10
Grimmia macrotheca 11001 01100 10010 11100 11010 00010 22200 10000 110?1 11001 10
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11000
  1
00010 22200 10010 11011 00011 10
Grimmia muehlenbeckii 20001 01000
   1
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Grimmia ovalis 10111 00100
 1
11120 11111 10000 00110 10200 11010 11001 11011 10
Grimmia percarinata 00101 01100 11110 01112 11121 00010 22000 11100 11??1 11010 10
Grimmia pilifera 10001 01100




 1  2
11010
   2
00000 11010 11111 110?1 11011 10
Grimmia plagiopodia 20010 01100 10010 00010 00000 00010 22211 11101 11011 01010 10
Grimmia pulvinata 01000 01000 11110 01110 11020 00010 22201 10011 11101 11001 10
Grimmia ramondii 10001 00-01 01120 11110
    2
11020 01010 20001 1?011 11111 10010 10
Grimmia sessitana 01010 01000 11010 00002 11120
 2
00010 22200 11000 11011 11011 10
Grimmia teretinervis 20100 01100 11010 00012 10000 00010 220?? ????? ????? ????? ??
Grimmia tergestina 20110 01100 11110 00011 00000
1
00110 10210
    1
11011 11001 11000 10




220?1 ????? ????? ????? ??




220?1 ????? ????? ????? ??
Grimmia trichophylla 10001 01100





11020 00011 12201 11111 111?1 11011 10
Grimmia unicolor 00111 00-00




    2




Campylostelium pitardii 11001 00-00 10010 00000 00000 00000 22201 00111 ?0??? 1?000 00
Coscinodon calyptratus 11010 01100 11010
   2
00000
    2
11100 00010 2?000
   1
11012 01001 01010 11
Coscinodon cribrosus 20011 01000 11010 00002 02100 00010 22010 11101 01011
  1
01000 11
Hydrogrimmia mollis 10001 00-00 10010 00000
 1
00000 00010 2200? ?0000 ??0??  0?0?0 ?0
Ptychomitrium
crispatum
1?00? 10-00 01010 01002 10000 00000 00000 10111 ?101? 01000 00
Ptychomitrium
polyphyllum
11001 10-00 00020 01012
  1
11010 00000 00000 00011 11011 11010 00
Racomitrium aciculare 10000 00-01 00020 21100 01020
    1
00010 00000 20011 0?00? 110?? ?0
Racomitrium crispulum 1?000 01100 00020 21110 01020 00010
1
00001 ??1?? ?101? 11011 10
Schistidium apocarpum 11001 01100
    1
00110
   2
01112 11020 00011 22010 11011 ?1010 10011 10
Scouleria aquatica 11010 00-01 00110
   2
00010 00000 00000 10000 ?1100 ?0010 000?2 10
50. Peristome teeth on the dorsal side are papillose to the base (0), papillose only in the upper
part (1) or smooth (2).
51. Peristome teeth are fused at base (0) or are free to the point of insertion (1).
52. The spore sac is fixed to the middle of the capsule, and the empty space between the basal
part of the capsule and the spore sac is small (0), or the spore sac is fixed only in the upper
part of the capsule and a large “air space” is present at the capsule base (in Coscinodon,
Limpricht, 1890) (1).
4. Methods
 The character state matrix was done using McClade 3.08a (Maddison & Maddison, 1999).
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This matrix was imported in a “nexus” format into Paup 4.0b10 (Swofford, 2002). Taxa with
multiple character states were considered to be polymorphic. Cladistic analyses were
conducted with heuristic search options using 100 replicates of ‘random sequence addition’
and a maximum parsimony criterion. Each most parsimonious tree was saved and swapped
with TBR (Tree Bisection and Reconnection) branch swapping. The data was successively
weighted as a function of the rescaled consistency index (RC), and the same search protocols
were repeated. Finally, character states were positioned on the tree using McClade 3.08a.
In a second analysis, three species were removed: Scouleria aquatica, Hydrogrimmia mollis
and Campylostelium pitardii because of their morphology which is extremely different from
the Grimmiaceae/Ptychomitriaceae species. The same search protocols (unweighted and RC-
weighted) were repeated.
2.3 Results
Heuristic searches including all taxa: One character is parsimony uninformative (character 48:
presence/absence of peristome) and 51 are parsimony informative. The un-weighted analysis
gives 819 maximum parsimonious trees (mp-trees) with a minimum length of 306 steps, a
consistency index (CI) of 0.216 and a retention index (RI) of 0.577. The strict consensus tree
(Fig. 2.1) is composed of two resolved subclades (1 and 2). Nine species of Grimmia and the
two species of Coscinodon are unresolved and formed a grade at the base of the tree.
Scouleria aquatica, Campylostelium pitardii and Hydrogrimmia mollis root the tree.
Ptychomitrium species and other Grimmiaceae (except Hydrogrimmia) used as outgroups in
this study are within the major clade (clade 1) with the Grimmia species.
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Figure 2.1: Strict consensus from 819 trees (L=306, CI=0.216, RI=0.577) from un-weighted analyses with 52
morphological characters and 50 taxa. Two subclades present: 1 and 2
The CI and RI stabilized after three rounds of re-weighting. The 13 resulting mp-trees have a
CI of 0.365 and a RI of 0.720. The strict consensus tree (Fig. 2.2) has two resolved subclades
(1 and 2, Fig. 2.2) that are more structured than in the first analyses. The same species are
present in an unresolved group within the tree and the same species root the tree. Grimmia is
found to be paraphyletic with the species of Racomitrium, Ptychomitrium, Schistidium and
Coscinodon present in the main clade amongst Grimmia species.
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Figure 2.2: Strict consensus from 13 trees (CI=0.365 RI=0.720) from weighted analyses in function of RC with
52 morphological characters and 50 taxa. Two subclades present: 1 and 2
Analyses excluding Scouleria, Hydrogrimmia and Campylostelium: These genera were
excluded from this analysis, because they are morphologically very different from Grimmia
and may have influenced the tree topologies. Scouleria, considered a Grimmiales by some
authors such as Buck & Goffinet (2000), appears to be phylogenetically distant from this
order in recent molecular studies (Tsubota et al., 2003; Hedderson et al., 2004). Four
characters are parsimony uninformative. The un-weighted analysis gives 321 mp-trees with a
minimum length of 277, a CI of 0.235 and a RI of 0.583. The strict consensus tree collapses
most of the internal structure (not shown, Appendix 6).
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The CI and RI stabilized after three rounds of re-weighting. The resulting 14 mp-trees are
with CI of 0.453 and RI of 0.724. The strict consensus of reweighted trees (Fig. 2.3) rooted by
the two species of Ptychomitrium shows a main clade (1) containing a majority of Grimmia
taxa and a sister clade (2) including Racomitrium aciculare, R. crispulum and Grimmia
indica. The main clade (1) is further divided in two well-defined clades (3 and 4) and a sister
species Schistidium apocarpum. Clade 3 includes a series of un-resolved species and a
relatively structured subclade. This subclade is differentiated into Coscinodon and two small
subclades (G and L). Clade 4 is well-structured and composed of a subclade (R) and Grimmia
atrata and G. pilifera. According to the studied morphological characters, the family of
Grimmiaceae is monophyletic, and the genus Grimmia is paraphyletic, when the tree is rooted
by Ptychomitrium.
Character state distributions: Character states have been positioned on the tree rooted by the
two species of Ptychomitrium (Fig. 2.3). Character state distributions are discussed for the
clades 3 and 4.
The first clade (clade 3, node I) is defined by the growth-form as a cushion (1) for the basal
species. The clade 3, except Grimmia longirostris, is also defined by character state 11 (node
II). The plants have a stem epidermis composed of at least one row of cells with non-
thickened walls. Furthermore, the unresolved species and the two species of Coscinodon have
a furrowed nerve (23). Grimmia sessitana and G. alpestris are joined to the terminal clade
(node III) by their leaves well-developed in apex and forming an apical tuft on the stem (4).
The terminal species that formed a well-differentiated clade are growing in compact mats (1,
node IV). Canaliculate leaves (22) and nerves not furrowed (23) distinguish the two last sister
groups from the Coscinodon species and the unresolved species of the first clade (node V).
The unistratose laminae (20) are common to the three species G. anodon, G. crinita and G.
plagiododia (node VI). These three taxa also have an ovate capsule (38, not positioned on the
tree Fig. 2.3, homoplasious in the tree except in this subclade where it is a synapomorphy and
it units these three species). The three species form a distinct clade G, which includes
members of Gasterogrimmia. Finally, the last clade (node VII) is defined by four character
states, a multistratose lamina (20), a nerve weakly visible in the leaf apex (28), 4 guide-cells
in the middle of the leaf nerve (31), and more than 6 guide-cells at leaf insertion (32). The two
first character states are synapomorphies present only in this clade. Grimmia khasiana, G.
ovalis, G. laevigata, G. mammosa, G. tergestina and G. unicolor constitute this clade. This
group of species (L), contains those belonging to the subgenus Litoneuron, is the most
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supported subclade in this study.
In the second resolved clade (clade 4, node VIII), R contains species belonging to the
subgenus Rhabdogrimmia, and is defined by sporophytic character states: curved seta (35)
and furrowed capsule (43). Two sister groups are present in this clade. The first is defined by
the presence of gemmae (9, node IX), a morphological trait present only in these taxa. These
species are dioicous and three of them, Grimmia anomala, G. hartmanii and G. torquata, are
not known with sporophytes and populations are composed most entirely of female plants. In
the other species of this subclade, males are more frequent, and capsules are sometimes
present. Grimmia decipiens and G. ramondii occupy a position between the two subclades
present in the Rhabdogrimmia clade. They are morphologically close to the previous clade,
but are monoicous and no vegetative reproduction is known in these two species. The second
well-supported clade (node X) possesses another sporophytic character state in common:
peristome teeth inserted at capsule mouth (49).  The species constituting this clade grow in
cushions (1, node XI) except in G. elatior, which grows in loose mats. Grimmia  fuscolutea,
G. macrotheca, G. pulvinata and G. orbicularis form a small subclade (node XII) included in
the Rhabdogrimmia clade and defined by two character states: the epidermis with non-
thickened walls (11) as in node II, and unistratose laminae (20).
2.4 Discussion
The calculated consistency indices in this analysis are comparable to those found in similar
morphological studies on vascular plants and bryophytes (Pederson, 2000; Pederson &
Hedenäs, 2001, 2002; Barker et al., 2003; Virtanen, 2003). The different consistency indices
obtained in this study support the hypothesis of a high level of homoplasy (Homoplasy Index
= 1- CI), resulting from convergent evolution of morphological traits and multiple
simplification events in moss evolution (Buck & Goffinet, 2000).
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Figure 2.3: Strict consensus from 14 trees (CI=0.453 RI=0.724) from weighted analyses in function of RC of 52
morphological characters and 47 taxa (Ptychomitrium as outgroup). Important changes in character states are
noted on the tree. In bracket: character state. Roman numerals: important nodes. 1-4: important clades. G:
Gasterogrimmia, L: Litoneuron, R: Rhabdogrimmia
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In this study, the different clades are defined by gametophytic characters only, with exception
of the Rhabdogrimmia clade (Fig. 2.3, node IX) defined by a curved seta (35) and a furrowed
capsule (43). Within this character matrix, the gametophytic characters are more informative
than the sporophytic characters, the latter helping more to delimit the different species of
Grimmia than to infer the relationships among them. Moreover, the sporophyte is extremely
rare in 5 species of Grimmia (c.f. Table 2.2). In these cases, the information is not coded from
the specimens available.
Circumscription of Grimmia and infrageneric classification
When the cladogram is rooted with Scouleria aquatica, the family Grimmiaceae appear to be
paraphyletic. Hydrogrimmia mollis, considered a member of Grimmiaceae (Nyholm, 1998;
Hedderson et al., 2004), is in a basal position close to Campylostelium pitardii and distinct
from the other Grimmiaceae. Hydrogrimmia is the only Grimmiaceae growing in wet places.
This species differs from the other Grimmiaceae by unistratose and transparent lamina, and
loose thin-walled cells (Loeske, 1913; Nyholm, 1998). Other Grimmiaceae exhibit
morphological adaptations to dry habitats such as sinuose and thickened cell walls, hair-points
on the leaves and a small size. Ptychomitrium (Ptychomitriaceae) species are found next to
Racomitrium species in the clade containing Grimmiaceae members. When Ptychomitrium
rooted the cladogram, Grimmiaceae are monophyletic. Grimmia indica is basal in the
cladogram, closer to Racomitrium aciculare and R. crispulum than to the other Grimmia
species. Grimmia indica, specially in young capsules, has a strongly marked apophysis, a
character state unique within the genus Grimmia (Maier, 2002b), although this character is
present in other Grimmiaceae such as Racomitrium aciculare. At this point no conclusion on
the taxonomic position of G. indica and its relationships with the Racomitrium species can be
made and further investigations are needed. Grimmia incurva and G. handelii are found
outside the main clade which contains the remaining Grimmia species, Schistidium
apocarpum and the two Coscinodon. In contrast to Schistidium apocarpum, Coscinodon
(clade 3, node IV) is not well-differentiated from Grimmia based on the characters used here.
Three subclades G, L and R appear in the cladogram (Fig. 2.3) and correspond to three
subgenera described in the literature: Gasterogrimmia, Litoneuron and Rhabdogrimmia
respectively. In this analysis G is defined by ovate capsules, a character used as a diagnostic
feature for the Gasterogrimmia (Schimper, 1876). The subclade L is partially defined by
nerves weakly visible in the leaf apex, and in literature Litoneuron is defined by the same
character called ‘dorsally non-prominent nerves’ (Hagen, 1909). Finally, R is mostly defined
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by furrowed capsules corresponding to Rhabdogrimmia in literature (Limpricht, 1890). The
small clade present in R and composed of G. pulvinata, G. orbicularis, G. macrotheca and G.
fuscolutea approach the Pulvinatae, as defined by Loeske (1913).
In both outgroup combinations, the genus Grimmia appears to be paraphyletic as suggested by
Churchill (1981), Tsubota et al. (2003) and Hedderson et al. (2004).
Despite the low levels of statistical support in the cladogram, the topology of the trees is
conserved throughout the different analyses. Because of the low support for tree topology in
this study it is not possible to make taxonomic conclusions based on this data alone. This
study will be used as a basis to compare the phylogenies inferred from morphological data
with molecular phylogenetic analyses. Molecular data will bring additional sets of characters
to study the relationships of Grimmiaceae members and within the genus Grimmia.
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Chapter 3. Phylogenetic study of the genus Grimmia Hedw. (Grimmiales, Bryopsida)
based on plastid DNA sequences (trnL-trnF and rps4) and morphological characters
Abstract. This work investigates the phylogenetic relationships in Grimmia Hedw. using 33
species of Grimmia and outgroup species from the Funariidae and the Dicranidae using a
combination of two molecular markers and 52 morphological and anatomical characters.
Plastid (trnL-trnF and rps4) DNA sequences were used to reconstruct the molecular
phylogeny of the genus Grimmia. The 33 chosen Grimmia species represented the majority of
those found in Europe and Asia. An analysis using rps4 and 7 outgroup species supported the
monophyly of the Grimmiaceae. The combined analysis of both plastid markers and
morphological characters with 6 outgroup species also resolved the Grimmiaceae as
monophyletic. The results indicated that Grimmia, as currently defined, is paraphyletic. Two
main clades were present, one that contained the species traditionally placed in the subgenus
Rhabdogrimmia Limpr. and one that contained the remaining Grimmia species.
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 3.1 Introduction
The genus Grimmia  Hedw. belongs to a monophyletic group of mosses called the
Haplolepidae (or Dicranidae). Grimmia contains 71 species from about 800 published names
(Muñoz & Pando, 2000). Grimmia is principally defined by: plants with a dark color; cushion
or tufted growth form; lanceolate leaves that are tapering to the apex and generally possessing
hair-points; guide-cells basal in leaf cross-section; generally symmetrical, ovate to cylindrical
capsule urns; peristome teeth divided to insertion and entire or irregularly perforate (Crum &
Anderson, 1981; Maier & Geissler, 1995; Muñoz, 1998a; Nyholm, 1998). Species of Grimmia
are relatively well studied (Deguchi, 1979; Greven, 1995; Maier & Geissler, 1995; Muñoz,
1998a, b, 1999; Maier, 2002a, b; Greven, 2003), providing a good foundation for
phylogenetic studies.
 Distribution and ecology of the genus Grimmia
Grimmia species are found on every continent, in both temperate and polar areas, and in the
mountains of the tropics (Churchill, 1981). The regions of Central Europe, the Mediterranean
and the Himalayas combined contain the largest number of Grimmia species and represent
one of the diversity centers of the genus, the second being North America (Muñoz & Pando,
2000). Grimmia species are saxicolous and are mostly found growing on non-calcareous
substrates (Loeske, 1913) with a few species tolerating calcareous substrates. Grimmia
species mostly grow in sunny, open areas (photophilous), with only two species (Grimmia
incurva Brid. and G. torquata Drumm.) known to prefer shaded conditions (Loeske, 1913).
Grimmia species are xerothermophilous and react rapidly to rewetting (Loeske, 1913).
 Phylogenetic studies of bryophytes
Plastid DNA markers (e.g. rbcL, trnL-trnF, rps4 and the rpl16 intron) have been most often
used in phylogenetic studies of bryophytes, sometimes in association with nuclear DNA
markers such as 18S rDNA and/or morphological-anatomical characters. Most of these
phylogenetic studies concern the major divisions of the mosses (Newton et al., 2000), the
Haplolepidae (La Farge et al., 2000; Hedderson et al., 2004), the diplolepidous-alternate
mosses (Cox et al., 2000), and the pleurocarps (Buck et al., 2000a, b; De Luna et al., 2000).
Some authors have published phylogenetic studies of moss families using plastid markers and
morphology: for example the Lembophyllaceae (Quandt et al., 2000), the Amblystegiaceae
(Vanderpoorten et al., 2002a, b), the Bartramiaceae (Virtanen, 2003), and finally the Bryaceae
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(Cox & Hedderson, 2003; Pederson et al., 2003).
Fewer studies still have focused on bryophyte genera. Allozymes were used in the genus
Plagiothecium (Hofman, 1991). Morphological characters have been used in phylogenetic
studies of Leucoloma (La Farge, 1998), Dicranoloma (Klazenga, 1999), the Bryaceae with a
focus on the genus Bryum (Pederson, 2000), and Diphyscium (Chiang & Lin, 2001).
Molecular markers were used in studies of Leucobryum (ITS and rbcL, Oguri et al., 2003),
Hygroamblystegium (ISSR fragments, Vanderpoorten, 2004) and Hypnodendron (rbcL, trnL-
F, and rps4 and morphological characters, Bell & Newton, 2005).
 Phylogenetic studies concerning Grimmia
Churchill (1981) published a cladistic study of the Grimmiaceae using 19 morphological
characters taken from taxa representing different genera and subgenera of the Grimmiaceae.
His results suggested the paraphyly of the genus Grimmia. Cao and Vitt (1986) did two
separate cladistic studies on Grimmia and Schistidium. These authors considered 22 species of
Grimmia and were interested in examining the distribution of Japanese species within the
different subgenera described in the literature. No conclusion could be drawn on the
monophyly of Grimmia from the latter study because no outgroup taxa were included in the
analyses. Tsubota et al. (2003) published a phylogenetic study of the Grimmiales based on the
plastid DNA rbcL marker. They included 24 species belonging to the Grimmiales of which 13
were from the Grimmiaceae (seven Grimmia species). The resulting phylogenetic tree
positioned the Grimmiaceae sister to the Ptychomitriaceae. These two families constituted a
monophyletic lineage, which corresponded to the Grimmiales. The genus Grimmia was found
to be paraphyletic but no conclusion could be made about the relationships between the
Grimmia and the species of the Grimmiaceae because of the low statistical support for the
basal branches of the trees. A study using 42 Grimmia species and 52 morphological and
anatomical characters partially confirmed the earlier suggestion of Churchill (1981), that the
Grimmiaceae was monophyletic, and the genus Grimmia was paraphyletic (see Chapter 2,
Streiff, 2005). As in previous studies based on morphological-anatomical characters,
statistical support for the branches of the resulting cladograms was low.
The objective of this study was to assess the paraphyly of the genus Grimmia (Churchill,
1981; Tsubota et al., 2003; Streiff, 2005) by sampling 33 species of Grimmia, outgroup
species from the Funariidae and the Dicranidae, using plastid DNA markers and
morphological-anatomical data. Two plastid markers were chosen for this analysis: rps4
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(ribosomal protein subunit 4) and the trnL-trnF region (partial tRNA-Leu gene trnL intron,
trnL spacer) and 52 morphological and anatomical characters.
 3.2 Material and methods
 1. Material
Thirty-three species of Grimmia were used. Selected taxa principally represented those
growing in Central Europe, the Mediterranean and the Himalayas. In Table 3.1, species
distributions are given according to Muñoz & Pando (2000) and Maier (2002a; 2002b).
Samples were taken from the herbarium of Conservatoire et Jardin botaniques de la Ville de
Genève (G) or from the personal collection of the author (Hb. Streiff). Species nomenclature
is presented in Tables 3.1 and 3.2, and all author names are listed within these two tables (List
of samples in Appendix 7).
Table 3.1. List of specimens used for DNA extraction, species distribution after Muñoz and Pando (2000), with *
taken from Maier (2002a, b)  (N.Am. = North America, S.Am = South America, Afr. = Africa, Eur. = Europe, As.
= Asia, Oc. = Oceania, Ant. = Antarctica, Cosm. = Cosmopolitan), collector, herbarium number, herbarium of
origin (G = Conservatoire et Jardin Botaniques de la Ville de Genève, Streiff = personal herbarium), country of
origin (CH = Switzerland, D = Germany, A = Austria, FL = Liechtenstein, F = France, I = Italie, U.S.A. =
United States of America), and accession number (AN) in genbank for trnL-trnF and rps4.







Grimmia alpestris (F.Weber & D.Mohr)
Schleich.
N.Am., Eur., As. Maier s.n. (G) CH AJ847887 AJ845237
Grimmia anodon Bruch & Schimp. N.Am., S.Am., Eur., Afr.,
As.
Maier s.n. (Streiff) CH AJ847859 AJ845209
Grimmia anomala Hampe ex Schimp. N.Am., Eur., As. Maier 11762 (G) CH AJ847860 AJ845210
Grimmia austrofunalis Müll.Hal. S.Am., Afr., Oc. Heinrichs 4133 (G) Bolivia AJ847861
Price 1342 (G) Bolivia AJ845211
Grimmia caespiticia (Brid.) Jur. N.Am., Eur., As. Maier s.n. (G) CH AJ847862
Maier s.n. (G) CH AJ845212
Grimmia crinita Brid. Eur., Afr., As. Lübenau s.n. (G) Syria AJ847863
Maier s.n. (G)) CH AJ845213
Grimmia decipiens (Schultz) Lindb. Eur., Afr., As. Düll s.n. (G) D AJ847865 AJ845215
*Grimmia dissimulata E.Maier Eur., As. Maier 10489 (G) CH AJ847866
Lübenau s.n. (G) Greece   AJ845216
Grimmia donniana Sm.  N.Am., S.Am., Eur., As.  Maier 11207 (G)  CH  AJ847867  AJ845217
Grimmia elatior Bals.-Criv. & De Not. N.Am., Eur., Afr., As. Streiff 50 (Streiff) CH AJ847868
  Streiff 54 (Streiff)  CH   AJ845218




 A  AJ847869  AJ845219
Grimmia funalis (Schwägr.) Bruch &
Schimp.
N.Am., Eur., Afr., As. Maier s.n. (G) CH AJ847870 AJ845220
Grimmia fuscolutea Hook. Cosm. (exc. Oc.) Long 24065 (G) China AJ847871 AJ845221
Grimmia hartmanii Schimp. N.Am., Eur., As. Streiff 11 (Streiff) CH AJ847872
Maier s.n. (G) CH AJ845222
Grimmia incurva Schwägr. N.Am., Eur., Afr., As. Maier 11596 (G) CH AJ847873
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Bertram s.n. (G) CH AJ845223
*Grimmia khasiana Mitt. N.Am., As. Lübenau s.n. (G) U.S.A. AJ847874 AJ845224
Grimmia laevigata (Brid.) Brid. Cosm. (exc. Ant.) Streiff 81 (Streiff) CH AJ847875 AJ845225
Grimmia lisae De Not. N.Am., Eur., Afr., As. Vittoz 88 (Streiff) CH AJ847876 AJ845226
Grimmia longirostris Hook. Cosm. (exc. Ant.) Senn s.n. (G) FL AJ847877 AJ845227
*Grimmia meridionalis (Müll.Hal.) E.Maier Eur. Streiff 40 (Streiff) F AJ847878 AJ845228
Grimmia montana Bruch & Schimp. N.Am., Eur., Afr. Maier s.n. (G) CH AJ847879
Maier s.n. (G) CH AJ845229
Grimmia muehlenbeckii Schimp. N.Am., Eur., As. Streiff 53 (G) CH AJ847880 AJ845230
Grimmia orbicularis Wilson Cosm. (exc. S.Am.) Maier s.n. (G) CH AJ847881 AJ845231
Grimmia ovalis (Hedw.) Lindb. N.Am., Eur., Afr., As. Maier s.n. (G) CH AJ847882
Vittoz 89 (Streiff) I AJ845232
Grimmia pilifera P.Beauv. N.Am., Eur., As. Lübenau s.n. (G) U.S.A. AJ847883
Price 1789 (G) U.S.A. AJ845233
Grimmia plagiopodia Hedw. Cosm. (exc. Afr.) Skrzypczak (G) F AJ847884 AJ845234
Grimmia pulvinata (Hedw.) Sm. Cosm. (exc. Ant.) Maier s.n. (Streiff) CH AJ847885 AJ845235
Grimmia ramondii (DC.) Margad. N.Am., Eur., As. Maier 11228 (G) CH AJ847864
Maier 11748 (G) CH AJ845214
*Grimmia sessitana De Not. Eur., As. Vittoz 85 (Streiff) CH AJ847886 AJ845236
Grimmia tergestina Bruch & Schimp. N.Am.,  S.Am., Eur., Maier 11433 (G) CH AJ847888
As. Maier s.n. (G) CH AJ845238
Grimmia torquata Hook. ex Drumm. N.Am., Eur. Maier s.n. (G) CH AJ847889 AJ845239
Grimmia trichophylla Grev. Cosm. (exc. Ant.) Maier 11476 (G) D AJ847890 AJ845240
Grimmia unicolor Hook. N.Am., Eur., Afr., As. Streiff 82 (Streiff) CH AJ847891 AJ845241
 Outgroup species
Coscinodon cribrosus (Hedw.) Spruce Maier s.n. (Streiff) CH AJ847855 AJ845205
 Ditrichum flexicaule (Schwägr.) Hampe   Price 2309 (G)  F  AJ847854  AJ845204
 Funaria hygrometrica Hedw.   Price 2258 (G)  CH  AJ847853  AJ845203
 Hydrogrimmia mollis (Bruch & Schimp.)
Loeske
  Streiff 18 (Streiff)  CH  AJ847856  AJ845206
Racomitrium aciculare (Hedw.) Brid. Maier s.n. (G) CH AJ847857 AJ845207
Schistidium apocarpum s.l. Streiff 46 (Streiff) CH AJ847858
Maier s.n. (G) CH AJ845208
Gametophyte material was selected for extraction with a binocular microscope and forceps, to
limit the presence of contaminants such as fungi, algae, lichens and/or other mosses in the
sample. Samples were than reverified taxonomically to check that they were not mixed
collections. The samples for DNA extraction were up to 6 years old. In certain species (e.g. G.
ovalis) the sequences trnL-trnF and rps4 could not be obtained from the same sample,
because of their poor DNA quality.
Different combinations of outgroup species used in the four analyses are shown in Table 3.2.
The classification system used here follows Buck & Goffinet (2000). Most of the outgroup
sequences were taken from Genbank (Goffinet & Cox, 2000; La Farge et al., 2000; Goffinet et
al., 2001; Hedderson et al., 2004). The Genbank accession numbers for the sequences newly
presented in this study are listed in Table 3.1 (sequences in Appendix 8 and 9) and outgroup
sequences taken from Genbank are in Table 3.2.
 2. DNA extraction, PCR amplification and sequencing
Green parts of the sample gametophyte were selected (ca. 20 mg per sample) and ground into
powder with liquid nitrogen. DNA extraction was based on the CTAB method (Doyle &
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Doyle, 1987). DNA was made soluble in 30 µl of TE8 buffer (Tris-HCl 10 mM, EDTA 1mM,
pH 8.0).
The trnL-trnF and rps4 sequences were amplified using PCR (Polymerase Chain Reaction).
Primers trnL(UAA) and trnF(GAA) (Taberlet et al., 1991) were used to amplify the trnL-trnF
region. The rps4 segment was amplified with the primers rps5 and trnS (Souza-Chies et al.,
1997). The 50 µl-reactions were composed of 0.2 µl AmpliTaq® DNA Polymerase (Applied
Biosystems) (5 U/µl), 5 µl MgCl2 (2.5 mM), 5 µl 10x buffer PCR, 5 µl dNTP (2mM each),
0.5 µl BSA (0.5%), and 0.5 µl of each primer (100mM). Sterilized, distilled water was added
to the solution to bring it up to 49 µl and 1 µl of extraction product was added. DNA
fragments were amplifed in a thermocycler with the following programs: trnL-trnF [2 min
94°C (45 sec 94°C, 30 sec 50°C, 45 sec 72°C) x 35, 5 min 72°C, hold 4°C] and rps4 [2 min
94°C (1 min 94°C, 1 min 52°C, 3 min 72°C) x 35, 7 min 72°C, hold 4°C]. PCR products were
purified with Prep-A-GeneTM DNA purification kit from Bio-Rad® and eluted in 13 µl of TE8
buffer. Sequencing was done on an automatic sequencer (ABI PrismTM 377 DNA Sequencer)
with Applied Biosystems protocol (ABI Prism® BigDyeTM Terminator Cycle Sequencing
Ready Reaction Kits).
Table 3 .2. List of outgroup sequences (AN = genbank accession number) and references. Species used as
outgroup in rps4 (1), trnL-trnF (2), rps4 & trnL-trnF (3), molecular & morphological data (4) analyses.
AN trnL-trnF  AN rps4 Reference Analyses
 Coscinodon calyptratus (Drumm.) C.E.O.Jensen AJ553978 Hedderson et al., 2004 (1)
Coscinodon cribrosus (Hedw.) Spruce AJ847855 AJ845205 Streiff, this paper (1, 2, 3, 4)
 Dicranum muehlenbeckii Bruch & Schimp. AF231245 AF231276 La Farge et al., 2000 (1, 2, 3, 4)
 Ditrichum flexicaule (Schwägr.) Hampe  AJ847854  AJ845204 Streiff, this paper (1, 2, 3, 4)
Drummondia obtusifolia Müll.Hal. AF229895 AF223038 Goffinet & Cox, 2000 (1, 2, 3, 4)
 Funaria hygrometrica Hedw.  AJ847853  AJ845203 Streiff, this paper (1, 2, 3, 4)
 Hydrogrimmia mollis (Bruch & Schimp.) Loeske  AJ847856  AJ845206 Streiff, this paper (1, 2, 3, 4)
Ptychomitrium gardneri Lesq. AF231258 AF231290 La Farge et al., 2000 (1, 2, 3, 4)
Racomitrium aciculare (Hedw.) Brid. AJ847857 AJ845207 Streiff, this paper (1, 2, 3, 4)
Racomitrium fasciculare (Hedw.) Brid. RFA553983 Hedderson et al., 2004 (1)
Racomitirum lanuginosum (Hedw.) Brid. RLA553982 Hedderson et al., 2004 (1)
Schistidium apocarpum s.l. AJ847858 AJ845208 Streiff, this paper (1, 2, 3, 4)
Schistidium crassipilum H.H.Blom SCR553984 Hedderson et al., 2004 (1)
Schistidium papillosum Culm. SPA553985 Hedderson et al., 2004 (1)
Scouleria aquatica Hook. AF231179 La Farge et al., 2000 (2, 3, 4)
Scouleria aquatica Hook. AF306984 Goffinet et al., 2001 (1, 3, 4)
Seligeria polaris Berggr. AJ553989 Hedderson et al., 2004 (1)
 3. Sequence analysis
For each plastid region, forward (5’-3’) and reverse (3’-5’) sequences were assembled with
C A P  a n d  A L I G N N  (h t t p : / / w w w . i n f o b i o g e n . f r ). A BLAST search
(http://www.ncbi.nlm.nih.gov; Altschul et al., 1990) was performed to check that the
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consensus sequences of trnL-trnF and rps4 were from mosses. Sequences were aligned
manually using Se-Al v2.0a8 (Rambault, 2001), and exported to Paup 4.0b10 (Swofford,
2002). Unresolved regions and ambiguities were excluded from matrices for the analyses.
Insertions/deletions were excluded, and were coded (0, 1) in case they were informative
(Simmons & Ochoterena, 2000). The intraspecific variability has been studied in some
Grimmia species and it varies from 0% to 1% for both sequences considered.
 4. Morphological and anatomical characters
The list of the specimens and the 52 morphological-anatomical characters and character states
used in the morphological-anatomical study are described and coded in Chapter 2 (see also
Streiff, 2005).
 5. Phylogenetic analyses
According to the Akaike Information Criterion (AIC, Akaike, 1974), Hasegawa-Kishino-
Yano model (HKY, Hasegawa et al., 1985) plus Gamma distributed rate heterogeneity (Yang,
1994) was chosen for trnL-trnF and the General Time-Reversible model (GTR, Rodriguez et
al., 1990) plus Gamma distributed rate heterogeneity was chosen for rps4 as the models that
best fitted the data by Modeltest v.3.7 (Posada & Crandall, 1998). The rps4 and trnL-trnF
datasets were analysed separately, combined together and with the morphological/anatomical
dataset. Primer annealing site of rps4 sequences were excluded from analysis when present.
When analyzed separately, 49 sequences of rps4 and 44 sequences for trnL-trnF were
considered (Tables 3.1, 3.2). The sequences trnL-trnF and rps4 were combined for 43 ingroup
and outgroup taxa. Bayesian analyses were conducted using MrBayes 3.1 (Huelsenbeck &
Ronquist, 2002). Four analyses were simultaneously run for 5,000,000 generations, sampling
every 1,000 trees and recording branch lengths. The 2,500 first trees were removed for the
“burn-in” phase. The remaining 2,501 trees were combined. Each of the four runs was
analyzed independently and the four consensus trees were compared to verify the stability of
the tree topologies and of the posterior probabilities.
Maximum parsimony (MP) analysis were performed using Paup 4.0b10 (Swofford, 2002)
with 100 replicates (stepwise random taxon addition), ‘Tree Bisection and Reconnection’
(TBR) branch-swapping. All the equally most-parsimonious trees were saved. Branch support
was calculated using 1,000 bootstrap replicates with the same options as for the heuristic
search. Gaps were treated as missing data, and characters as unordered. The rps4 and trnL-
trnF datasets were analyzed independently, combined together and with the morphological
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dataset. In the analysis of molecular and morphological characters combined, the data set was
successively weighted as a function of the Rescaled Consistency Index (RC), and the same
search protocol was repeated. The weighting was done to give more importance to stable
characters and to minimize the impact of homoplasy on the phylogenetic reconstruction as
shown in literature as in Hassanin (1998). The weighting methods have been critized for their
subjectivity and for their circularity respectively (for example Neff, 1986; Philippe et al.,
1996). The main changes in morphological character states were mapped onto the consensus
tree using MacClade 3.08a (Maddison & Maddison, 1999).
Maximum Likelihood (ML) analyses were run with Phyml (http://atgc.lirmm.fr/phyml/) using
the substitution models selected previously with modeltest and considering the rps4 (75 and
42 species) and trnL-trnF datasets separately.
 3.3 Results
Values from the heuristic searches of the four analyses are presented in Table 3.3. The
analyses based on rps4 (Fig. 3.1; Appendix 10a-b) and trnL-trnF (Fig. 3.2, Appendix 10c-d)
are mostly congruent, except for the position of G. incurva. This taxon is close to the
Racomitrium species in the analyses based on rps4 and belongs to the clade “Grimmia” in the
analyses based on trnL-trnF. Trees obtained with trnL-trnF are less structured than those
obtained with rps4. The combined plastid DNA analyses (Fig. 3.3, Appendix 10e) and the
morphological and molecular combined analyses (Fig. 3.4, Appendix 10f) have the same
topology as that seen the rps4 analysis.
 1. rps4
The trees resulting from the ML (Appendix 10a), MP (Appendix 10b) and Bayesian (Fig. 3.1)
analyses using the sequence rps4 have the same topology. Under ML analysis, the –ln
Likelihood is 2,261.49832. The tree obtained with Bayesian distances is presented here.
In the Bayesian analysis, the tree is rooted by Funaria hygrometrica (Fig. 3.1). A main clade
containing the Grimmiaceae species is present and supported by a posterior probability of
1.00 (Fig. 3.1, node II). Grimmia torquata is in a basal position within the Grimmiaceae. The
main clade (node III), not supported, is divided in two clades (nodes IV, and VII). The first
clade (node IV) is composed of two small subclades and an unresolved species: Grimmia
austrofunalis. The first subclade contains species traditionally included in the subgenus
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Rhabdogrimmia Limpr. (“Rhabdogrimmia”, node V, posterior probability: 0.98) and the
second Racomitrium species and G. incurva (node VI, posterior probability: 0.98). In the
“Rhabdogrimmia” clade, two species, G. lisae, and G. dissimulata, were basal to a small
clade. The second subclade (node VI) in the Grimmiaceae clade (node II) is supported by a
branch with 0.98 of posterior probability and is composed of the three Racomitrium species
and G. incurva. The last clade (“Grimmia”, node VII) contains the remaining Grimmia
species, the two species of Coscinodon, Hydrogrimmia mollis, and the three species of
Schistidium. This clade has no internal structure and the majority of the species forms a
polytomy. Four small subclades are present but not supported.
Ptychomitrium gardneri is basal to the clade containing the Grimmiaceae species and this
relationship is supported by a posterior probability of 1.00.
Table 3.3. Values for the four analyses (rps4, trnL-trnF, rps4 and trnL-trnF combined, and molecular and
morphological data combined (simple and 2x RC-reweighted). CI = Consistency Index; RI = Retention Index;
RC = Rescaled Consistency Index.






Length CI RI RC
rps4 49 533 70 (13%) 9100 266 0.684 0.737 0.504
trnL-trnF 44 432 72 (17%) 89 224 0.674 0.738 0.498
rps4 and trnL-trnF 43 965 130 (13%) 285 469 0.680 0.713 0.485
Molecular + morphology 43 1017 176 (17%) 24 747 0.513 0.608 0.312
Reweight (2x) 1 0.863 0.871 0.752
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Figure 3.1: Phylogenetic tree found by Bayesian distances (model used: GTR + G, 5,000,000 generations,
sampling every 1,000 trees, recording branch lengths, 2,500 first trees burn-in) with 49 species and rps4
dataset ; Bayesian support (>0.90) above branches, principal nodes: I-VII, 1: “Grimmia”, 2: “Racomitrium”,
3; “Rhabdogrimmia”
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 2. trnL-trnF
The trees obtained from the sequences of trnL-trnF are less structured than the rps4 trees. The
three analyses give three tree topologies. In the MP consesus tree (Appendix 10d), the clade
of the Grimmiaceae is formed by a polytomy of species and a small clade containting seven of
the species belonging to the previous “Rhabdogrimmia” clade (G. anomala, G. decipiens, G.
fuscolutea, G. hartmanii, G. muehlenbeckii, G. ramondii and G. trichophylla). The ML-tree
(Appendix 10c), with –ln Likelihood of 1,857.93343, has two distinct clades corresponding to
the clades “Grimmia” and “Rhabdogrimmia” clades found in the rps4 analyses. The Bayesian
distance tree presented below (Fig. 3.2), has a main clade composed of Grimmiaceae species
with a branch supported by a posterior probability of 0.98 (node I). The species belonging to
the “Grimmia” clade found in the ML-tree form a polytomy. The “Rhabdogrimmia” species
form a clade with a low posterior probability of 0.92 (node III). Racomitrium aciculare and G.
meridionalis form a polytomy at the base of the clade. The relationship between
Ptychomitrium species and the Grimmiaceae is not supported (node I).
 3. rps4 and trnL-trnF combined
The trees obtained from the Bayesian (Fig. 3.3) and the MP- (Appendix 10e) analyses have
small differences in their topologies. The main differences is the position of Racomitrium
aciculare and G. incurva. In the MP-consensus tree, these two species form a small clade
differentiated from both the “Rhabdogrimmia” and the “Grimmia” clades. Furthermore, G.
torquata has an undifferentiated position at the base of the clade Grimmiaceae. The two
clades “Rhabdogrimmia” and “Grimmia” are supported with bootstraps of 67% and 72%
respectively.
 In the Bayesian tree, the clade containing the members of the Grimmiaceae is well supported
(node II, posterior probability of 1.00) and two clades are distinct within the Grimmiaceae.
The first of these corresponds to the “Rhabdogrimmia” clade. Three species remain not
differentiated at the base of this clade: R. aciculare, G. australis, and G. torquata. The
remaining species (node V) are well-differentiated and their branches have high posterior
probabilities (between 0.93 and 1.00). The second clade “Grimmia” is, as in the previous
analyses, not well-structured and the three genera Coscinodon , Schistidium a n d
Hydrogrimmia are within this clade containing Grimmia species.
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Figure 3.2: Phylogenetic tree found by Bayesian distances (model used : HKY + G, 5,000,000 generations,
sampling every 1,000 trees, recording branch lengths, 2,500 first trees burn-in) with 44 species and trnL-trnF
dataset, Bayesian support (>0.90) above branches. Principal nodes: I-III
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Figure 3.3 : Phylogenetic tree found by Bayesian distances (model used for rps4: GTR + G; model used for
trnL-trnF: HKY + G; 5,000,000 generations, sampling every 1,000 trees, recording branch lengths, 2,500 first
trees burn-in) with 43 species and rps4 and trnL-trnF combined, Bayesian support (>0.90) above branches.
Principal nodes: I-VI.
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 4. Molecular and morphological data combined
The trees obtained with Bayesian (Appendix 10f) and MP-analyses (Fig. 3.4) have the same
topologies except for two differences. The position of Racomitrium aciculare is basal with
respect to the “Rhabdogrimmia” clade in the Bayesian analysis (relationship not supported
with posterior probability) whereas this species is basal with respect to the Grimmiaceae clade
in the MP-analysis (no bootstrap support). The second difference is the presence of two small
clades containing G. anodon, G. plagiopodia, G. crinita and G. elatior, G. funalis, G .
orbicularis, G. pulvinata in the Bayesian tree. These taxa form a unique clade in the MP-
analysis.
In the MP-analysis, the CI (Consistency Index) and RI (Retention Index) stabilized after three
rounds of successive weighting and one tree was obtained (Fig. 3.4). Primary information was
given by molecular characters whereas the morphological characters structured the terminal
branches of the tree.
The consensus tree obtained with the MP-analysis (Fig. 3.4) contained a main clade (node I)
composed of all the Grimmiaceae species included in the analysis that was supported by
100% bootstrap. Two clades were present (“Rhabdogrimmia” and “Grimmia”, node II) as
seen in the previous analysis. Clade “Rhabdogrimmia” (node III) was composed of 12 species
that belong to the subgenus Rhabdogrimmia. The clade “Grimmia” (node V) contained the
remaining species of Grimmia, Coscinodon, Hydrogrimmia and Schistidium. The basal branch
of clade “Rhabdogrimmia” was not supported (node III) but the species of this clade had three
morphological characters in common: the presence of gemmae at least in apical leaves (9,
except in G. ramondii), setae curved (35) and furrowed capsules (43). The presence of
gemmae was the only synapomorphy of this clade, the setae curved and the furrowed capsules
were found in some species of the “Grimmia” clade. The remaining branches of this clade had
better, albeit low, statistical supports (bootstraps of respectively 66%, 73%, 64% and 65%).
Clade “Grimmia” (node V) was statistically not supported, however three subclades were
present within it. The first subclade, ‘Litoneuron’ (node VI) contained G. khasiana, G .
laevigata, G. tergestina, G. unicolor and G. ovalis, species which were generally included in
the subgenus Litoneuron I.Hagen. This subclade was poorly supported (bootstrap 53%), but
six morphological characters were present in each species of the subclade: leaves well-
developed in the upper part of the stem only and forming an apical tuft (4), laminae bistratose
at mid-leaf (20), canaliculate leaves (22), poorly developed nerves from mid-leaf (28), four
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guide-cells present in mid-leaf (31), and more than six guide-cells present at leaf insertion
(32). The characters bistratose leaf laminae (20) and poorly-developed nerves (28) are present
only in this subclade.
A second subclade (node VII) contains G. anodon, G. plagiopodia, G. crinita, species
traditionally included in the subgenus Gasterogrimmia Schimp., and G. orbicularis, G.
pulvinata, G. elatior and G. funalis, which were generally associated with the subgenus
Rhabdogrimmia. This subclade was defined by the following characters: curved setae (35), a
character also present in the “Rhabdogrimmia” clade, and peristome teeth that were inserted at
the capsule mouth (49, except in G. plagiopodia where teeth were inserted below the mouth,
and in G. anodon which lacked a peristome). The four basal species, G. elatior, G. funalis, G.
orbicularis and G. pulvinata, also possessed furrowed capsules (43) as in the species of the
clade “Rhabdogrimmia”. Grimmia anodon, G. plagiopodia, and G. crinita formed a clade
equivalent to that of “Gasterogrimmia” as defined in the literature. They had leaves forming
an apical tuft (4), the basal leaf cells uniform (13) and short setae (34).
The last subclade (node VIII) contains the remaining Grimmia and Hydrogrimmia and
Coscinodon taxa. This subclade contains species with cucullate calyptrae (40, except G.
donniana and C. cribrosus). Coscinodon cribrosus, G. sessitana, G. alpestris and G .
caespiticia have leaves that form a W-shape in transverse section (22).
 3.4 Discussion
 Grimmiaceae and the monophyly of Grimmia
In this study, Grimmiaceae are monophyletic. The main clade containing the Grimmiaceae
species is also supported by a branch with high bootstrap values in both the rps4 and
combined analysis. Ptychomitriaceae (represented here by Ptychomitrium) is sister to
Grimmiaceae. These two families belong to the Grimmiales as shown by Tsubota et al. (2003)
with rbcL, Hedderson et al. (2004) with rps4 and Goffinet and Buck (2004) with DNA
sequence data. Furthermore, as seen in these three articles, this present analysis shows that
Scouleria and Drummondia do not belong to the Grimmiales as proposed previously in
literature (Buck & Goffinet, 2000), and the true relationships of these two genera warrant
further investigation.
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Figure 3.2. Tree obtained with two successive RC-weighting using rps4, trnL-trnF and morphological
characters. Bootstrap values (> 50%) shown above branches. Important changes in character states are placed
on the tree. In bracket: character state. I-VIII: important nodes.
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In the present study, the genus Grimmia, as previously circumscribed in literature (for
example Limpricht, 1890; Loeske, 1913), is not monophyletic. This hypothesis is supported
by the position of the representatives of the three genera Hydrogrimmia, Coscinodon and
Schistidium, within the clade “Grimmia”, none of which are clearly distinct from these
Grimmia species. Furthermore the taxa sampled from the genus Grimmia are divided in two
subclades that are sister to Racomitrium species (Fig. 3.1). In a study on the Dicranidae,
Hedderson et al. (2004) using the sequence rps4 and nine Grimmiaceae species (with three
Grimmia: G. curvata (= Dryptodon patens (Hedw.) Brid.), G. pulvinata and G. torquata)
found also that the Grimmiaceae were monophyletic and the Grimmia not. The Grimmiaceae
contained one clade composed of species belonging to Schistidium, Coscinodon and
Hydrogrimmia associated with G. pulvinata. The two remaining Grimmia were basal of the
Grimmiaceae clade with Racomitrium species. This tree topology is congruent with the trees
of this present study
“Rhabdogrimmia” and “Grimmia” subclades
Two clades (“Rhabdogrimmia” and “Grimmia”) are observed in the cladograms of rps4, rps4
and trnL-trnF combined and the molecular and morphology combined (Fig. 3.1, 3.3 and 3.4).
In the clade “Rhabdogrimmia”, G. anomala, G. decipiens, G. hartmanii, G. muehlenbeckii, G.
lisae, G. ramondii and G. trichophylla are species traditionally placed in the subgenus
Rhabdogrimmia (for example in Loeske, 1913; Brotherus, 1924). The recently described G.
dissimulata (Maier, 2002a) and G. meridionalis, which was first described as a variety of G.
trichophylla (G. trichophylla var. meridionalis Müll.Hal.), also belong to Rhabdogrimmia
based on morphology (Maier, 2004). Grimmia fuscolutea, found close to G. decipiens and G.
muehlenbeckii in the clade “Rhabdogrimmia”, is generally placed either in the subgenus
Grimmia (Hedw.) Schimp. (Limpricht, 1890) or in the subgenus Guembelia (Hampe) Schimp.
(Brotherus, 1924) in literature. Recently, G. fuscolutea was placed in the subgenus
Rhabdogrimmia (Nyholm, 1998). The species G. austrofunalis, found in South America,
Oceania and Africa, is not known from Europe (Muñoz & Pando, 2000). Since the main
revisions of the genus Grimmia have principally concerned Europe and Asia (Deguchi, 1979;
Greven, 1995; Maier & Geissler, 1995; Maier, 2002a, b), this species is understudied. It has
not been clearly affiliated with a particular subgenus in the literature. In this study this species
is found in a basal position with respect to the subclade “Rhabdogrimmia”. Grimmia torquata,
in an unresolved position in the main clade of the tree from rps4 analysis (Fig. 3.1) or in a
basal position in the combined analysis (Fig. 3.2), has a special status in the majority of the
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revisions concerning the genus Grimmia partly because of particular morphological traits such
as very crisped leaves. Grimmia torquata belongs traditionally to a section Torquatae I.
Hagen of Rhabdogrimmia or to a subgenus Torquatae (I.Hagen) Loeske (i.e. Loeske, 1913;
Nyholm, 1998). Grimmia torquata and the species belonging to the “Rhabdogrimmia” clade
can produce gemmae. This character is only found in this group of species.
In the clade “Grimmia”, the subclade containing Gasterogrimmia species (node VII) is also
composed of four species that are generally placed in the subgenus Rhabdogrimmia. Grimmia
orbicularis is generally associated with G. pulvinata in generic treatments. Loeske (1913)
described a subgenus Pulvinatae Loeske containing only these two species with a comment
on their morphological similarities to Rhabdogrimmia species, however the author noted that
the cell pattern and the hair-points looked different from those species in the Rhabdogrimmia.
Grimmia funalis was not unanimously placed in the Rhabdogrimmia subgenus. For example,
Limpricht (1890) placed it in the subgenus Rhabdogrimmia, Brotherus (1924) in the subgenus
Guembelia and Loeske (1913) in the subgenus Torquatae with G. torquata. Finally G. elatior
considered unanimously as belonging to Rhabdogrimmia (Limpricht, 1890; Brotherus, 1924;
Loeske, 1930; Nyholm, 1998; Maier, 2004) is also found in the “Grimmia” subclade. These
four species do not produce gemmae.
Except the presence of gemmae in “Rhabdogrimmia”, no clear morphological characters
separate the two clades. Furthermore, these clades also do not show clear differences in their
large-scale distribution or in their ecological characteristics. The majority of Grimmia species
prefer siliceous rocks. In the two clades, there are some species which can grow on calcareous
rocks such as G. tergestina from “Grimmia” or G. dissimulata from “Rhabdogrimmia”. This
preference may have appeared more than once within the genus. Most of the Grimmia species
have a large geographic range and species belonging to the two subclades are found on each
continent. A more detailed geographic analysis of species distribution may reveal more
significant information concerning differences in fine-scale distribution patterns.
In the analyses (Fig. 3.1, 3.3, and Fig. 3.4, Appendix 10), a difference in the branching
structures of the two clades “Rhabdogrimmia” and “Grimmia” is found. The clade
“Rhabdogrimmia” is more internally structured than the “Grimmia” clade. One hypothesis
explaining this phenomenom is that the “Rhabdogrimmia” species could have diversified
earlier and contain more interspecific variation than the “Grimmia” clade. In the future it will
be necessary to find new molecular characters (e.g. single copy nuclear genes or faster
evolving plastid sequences) that permit further investigation of the phylogenetic relationships
of Grimmia and which could be used to estimate the divergence time of the different
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subclades.
Plastid sequences of trnL-trnF and rps4 are not very variable at the generic level in mosses
and are generally used in phylogenetic studies at higher taxonomic levels than the genus such
as those studying the major lineages of the Bryopsida (Buck et al., 2000a, b; Cox et al., 2000)
or families (Quandt et al., 2000; Vanderpoorten et al., 2002a; Virtanen, 2003). However, these
markers and the plastid DNA rbcL sequence have also been used in a phylogeographic study
of Pyrrhobryum mnioides (Hook.) Manuel (Rhizogoniaceae, McDaniel & Shaw, 2003)
and were variable enough to differentiate geographical lineages present within this species. In
the present analysis, the different characters used support the monophyly of the family
Grimmiaceae with a maximum bootstrap value, but less support is present at the generic level.
To approach the problem with different molecular characters, a nuclear marker, ITS (Internal
Transcribed Spacer which is present in multiple copies in the nucleus), has been tested in the
genus Grimmia but the variability was too high to be included with these analyses (chapter 5).
This extreme variability has been also observed in the ITS region in other moss genera such as
Amblystegium (Vanderpoorten et al., 2001).
 3.5 Conclusion
The family of the Grimmiaceae is monophyletic and sister to the Ptychomitriaceae. Grimmia,
as currently circumscribed, is not monophyletic. Two clades within the Grimmiaceae are
observed: “Rhabdogrimmia” and “Grimmia”. Species of both clades are not differentiated by
their ecology or their distribution range. The production of gemmae in the species belonging
to the “Rhabdogrimmia” clade is the main morphological difference between both clades. The
weak support for some of the internal nodes in the analyses does not clearly separate these
two subclades and it is not appropriate to decide upon their taxonomic status. An extension of
the taxon sampling with the addition of species of the genera Grimmia, Racomitrium,
Schistidium and Coscinodon, and the use of more variable phylogenetic markers are required
to better understand the phylogenetic relationships of the family and to help in delimiting the
different genera.
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Chapter 4. Phylogeny of Grimmia Hedw. (Grimmiaceae, Bryopsida): divergence time and
reproductive strategies may influence intra- and interspecific variability
Abstract.
Phylogenetic analyses of 91 sequences of the cpDNA marker trnL-trnF from 34 Grimmia
Hedw. species revealed interspecific (between species) and intraspecific (within species)
variability differences between the two main species groups (clades ‘Rhabdogrimmia’ and
‘Grimmia’). Species expressing a specialised mode of asexual reproduction (foliar gemmae)
had higher interspecific and lower intraspecific variabilities than those reproducing
predominantly by sexual means. Apparent differences between the intra- and interspecific
variabilities of trnL-trnF sequences of asexually and non-asexually reproducing species
groups may imply that the two groups of species have had different evolutionary histories. An
analysis testing the molecular clock showed that the clade “Rhabdogrimmia” was older than
the clade “Grimmia”.
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4.1 Introduction
Asexual and sexual reproduction in the mosses
Mosses reproduce both sexually and asexually (vegetative reproduction). Successful sexual
reproduction results in the development of the diploid sporophyte generation, and in the
production and release of the haploid spores from the capsules. Vegetative reproduction is
achieved through the fragmentation of plant parts, the production of tubers (as seen in the
genus Bryum Hedw.), deciduous shoots or specialized vegetative structures called propagules
or gemmae (Duckett & Ligrone, 1992; Newton & Mishler, 1994). The expression of sexual
reproduction and/or gemmae production in the mosses varies between species with some
producing both sporophytes and gemmae within the same colony, as seen in Dicranoweisia
cirrata (Hedw.) Lindb., while others appear to reproduce only vegetatively (sporophytes
unknown), as seen in Grimmia hartmanii, or only sexually (gemmae unknown and fruiting
frequent), as seen in Funaria hygrometrica Hedw. (Longton & Schuster, 1983; Mishler,
1988).
Reflecting the dominance of the haploid gametophyte phase in bryophytes, a separate
terminology is applied when describing their sexuality (Zander, 1984; Allen & Magill, 1987).
In sexually reproducing mosses, breeding systems are varied (Table 4.1). In dioicous mosses
plants are either male and female and we may therefore assume that outcrossing is promoted
(Wyatt & Anderson, 1984; Newton & Mishler, 1994). However, due to the reliance on free-
water for the transport of the motile male sperm to the archegonia proximity of male and
females plants is important to ensure successful fertilisation events. In monoicous mosses
male and female structures are on the same individual so proximity of the two sexes is
ensured. However, in this case we may assume that the likelihood of outcrossing is reduced
(Wyatt, 1994) and that sexual reproduction results in homozygous sporophytes (Newton &
Mishler, 1994). Studies of sporophyte production and rarity in mosses reveal that dioicous
species fruit less than monoicous species and that a higher proportion of dioicous species are
rare (Longton, 1976; Longton & Schuster, 1983; Longton, 1992, 1994, 1997). Reproductive
strategy (autoicous vs. dioicous) and the adoption of different modes of reproduction (sexual
vs. asexual or sexual and asexual) represents a series of assumed trade-off's between potential
for genetic exchange, dispersal possibilities, local population maintenance and the costs of the
production of different diaspores (Longton, 1997).
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Arrangement of male and female sexual organs Sexuality
Antheridia and archegonia on separate plants Dioicous
Male plants reduced in size, epiphytic on female plants Pseudoautoicous
Antheridia and archegonia on the same plant Monoicous
Antheridia and archegonia in separate clusters on the same plant Autoicous
Antheridia produced on a separate branch Cladautoicous
Males bud-like and axillary on the same stem as the females Gonioautoicous
Antheridia produced on a very short branch attached to the female
stem by rhizoids
Rhizautoicous
Antheridia and archegonia completely mixed together in same
structure (gametoecium)
Synoicous
Antheridia and archegonia in single gametoecium but separated
spatially
Paraoicous
Table 4.1. The breeding systems of mosses, terminology after Magill (1990).
Grimmia: sexuality and asexual reproduction
Grimmia Hedw., with around 70 species (Muñoz & Pando, 2000), is found on all continents.
It often grows at high altitudes and in open, exposed situations. It is a saxicolous genus found
most frequently on siliceous rocks, although some species are able to tolerate calcareous
substrates and a few (as G. dissimulata and G. anodon) even prefer more basic growth
conditions. The genus is broadly defined by the following morphological and anatomical
characters: growth in cushions or mats; plants dark green to green-brown in colour; leaves
lanceolate and keeled or canaliculate in cross-section; hair-points generally present; nerves
well-developed; guide-cells basal throughout; capsules immersed or exserted; urns ovate to
cylindrical; opercula rostrate or conical; and cucullate or mitrate calyptrae (Crum &
Anderson, 1981; Maier & Geissler, 1995; Muñoz, 1998; Nyholm, 1998). The majority of
Grimmia species are dioicous (Table 4.2). In this genus, only a few species are known to
reproduce asexually through specialized structures (foliar-gemmae) on the leaves (G.
anomala, G. austrofunalis, G. decipiens, G. dissimulata, G. fuscolutea, G. hartmanii, G. lisae,
G. meridionalis, G. muehlenbeckii, G. torquata and G. trichophylla, Maier, 2005). These
foliar-gemmae are produced at the leaf apex from the margin and the nerve (Fig. 4.1) or at the
leaf base. Of the eleven asexually reproducing species shown in Table 4.2, two are monoicous
(G. decipiens and G. fuscolutea) and the remainder are dioicous.
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Dioicous species Monoicous species
Grimmia alpestris Grimmia anodon
Grimmia anomala * Grimmia crinita
Grimmia austrofunalis * Grimmia decipiens *
Grimmia cæspiticia Grimmia donniana
Grimmia dissimulata * Grimmia fuscolutea *
Grimmia elatior Grimmia longirostris
Grimmia elongata Grimmia orbicularis
Grimmia funalis Grimmia plagiopodia
Grimmia hartmanii * Grimmia pulvinata
Grimmia incurva Grimmia sessitana






Grimmia ovalis ? Grimmia nutans









Table 4.2: Dioicous and monoicous breeding systems in the studied Grimmia species (after Maier 2002a, b;
Maier & Geissler, 1995). Species with * also produce foliar-gemmae. ? indicates species of uncertain sexuality.
a. b. 
Figure 4.1: Formation of gemmae in leaf apex of Grimmia species: a. Grimmia hartmanii Schimp. gemmae
forming at leaf apex (scale: 200 µm); b. G. anomala Hampe ex Schimp., mature gemmae at leaf apex (scale: 100
µm).
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Grimmia: Phylogenetic studies
Recent molecular studies with plastid markers and/or morphological characters supported the
monophyly of the Grimmiaceae (Tsubota et al., 2003; Hedderson et al., 2004; Streiff, 2005a,
b). The genus Grimmia, as currently defined in literature, is however paraphyletic (see
chapters 2 and 3; Streiff, 2005a, b). In the trees obtained with molecular and morphological
characters combined for 33 species, two main clades were present: one that contained those
species traditionally placed in the subgenus Rhabdogrimmia Limpr. and one that contained
the remainder of the Grimmia species and a number of the supposed outgroup taxa (for
example Coscinodon cribrosus and Hydrogrimmia mollis; see chapter 3; Streiff, 2005b). The
production of foliar-gemmae is present only in the species of the ‘Rhabdogrimmia’ clade and
this feature represents an important morphological difference between the species of both
clades.
We investigate the intraspecific (within species) and interspecific (between species)
variability of the trnL-trnF marker in 34 Grimmia species and estimate relative time in the
major divergences present in the Grimmia.
4.2 Material and methods
1. Material
Thirty-four species of Grimmia and four species of Grimmiaceae from Central Europe, the
Mediterranean and the Himalayas were sampled. The species, sample origin, collector
number, genbank accession number and reference study are included in Table 4.3. All author
names are also listed in this Table. Samples used were from the Conservatoire et Jardin
botaniques de la Ville de Genève (G), Missouri Botanical Garden (MO), or from specially
collected field material (Herb. Streiff) as indicated in Table 4.3. The samples were between
zero to six years in age. Gametophyte material was selected for extraction using a binocular
microscope and forceps. These stems were then checked taxonomically to ensure they were
all of the same species since Grimmia frequently grows in mixed clumps.




Coscinodon cribrosus (Hedw.) Spruce CH CH Maier s.n. (G) AJ847855 Streiff, 2005b.
Grimmia alpestris (F.Weber & D.Mohr) Schleich. CH1 CH Maier s.n. (G) AJ847887 Streiff, 2005b.
CH2 CH Maier s.n. (G) AJ879701 This study
Grimmia anodon Bruch & Schimp. CH1 CH Maier s.n. (G) AJ847859 Streiff, 2005b.
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name Country Herbarium number trnL-trnF
(AN)
Reference
CH2 CH Maier s.n. (G) AJ879702 This study
Grimmia anomala Hampe ex Schimp. CH1 CH Maier 11762 (G) AJ847860 Streiff, 2005b.
CH3 CH Maier 10136 AJ879704 This study
D D Maier 9817 AJ879705 This study
US1 USA B.Allen 13288 (MO) AJ879706 This study
Grimmia austrofunalis Müll.Hal. B Bolivia Heinrichs 4133 (G) AJ847861 Streiff, 2005b.
Grimmia cæspiticia (Brid.) Jur. CH1 CH Maier s.n. (G) AJ847862 Streiff, 2005b.
CH2 CH Maier s.n. (G) AJ879708 This study
Grimmia crinita Brid. S Syria Lübenau s.n. (G) AJ847863 Streiff, 2005b.
P Pakistan Grüber 1934 (G) AJ879709 This study
Grimmia crinita CH CH Maier s.n. (G) AJ879710 This study
Grimmia decipiens (K.F.Schultz) Lindb. D1 D Düll s.n. (G) AJ847865 Streiff, 2005b.
P P Mues & al. 3541 (G) AJ879713 This study
Grimmia decipiens T Turkey Sauer A83 (G) AJ879714 This study
CH CH Maier 9026 (G) AJ879716 This study
E E Geissler 14026 (G) AJ879717 This study
Grimmia dissimulata E.Maier CH CH Maier 10489 (G) AJ847866 Streiff, 2005b.
Grimmia donniana Sm. CH1 CH Maier 11207 (G) AJ847867 Streiff, 2005b.
CH2 CH Streiff 117 (Streiff) AJ879718 This study
Grimmia elatior Bals.-Criv. & De Not. CH1 CH Streiff 50 (Streiff) AJ847868 Streiff, 2005b.
CH2 CH Streiff 54 (Streiff) AJ879719 This study
CH3 CH Vittoz 88 (Streiff) AJ879720 This study
Grimmia elongata Kaulf. A A Dürhammer s.n. (G) AJ847869 Streiff, 2005b.
Grimmia funalis (Schwägr.) Bruch & Schimp. CH1 CH Maier s.n. (G) AJ847870 Streiff, 2005b.
CH2 CH Streiff 79 (Streiff) AJ879721 This study
Grimmia fuscolutea Hook. C China Long 24065 (G) AJ847871 Streiff, 2005b.
Grimmia hartmanii Schimp. CH1 CH Streiff 11 (Streiff) AJ847872 Streiff, 2005b.
CH6 CH Maier 10577 (G) AJ879726 This study




Grimmia incurva Schwägr. CH CH Maier 11596 AJ847873 Streiff, 2005b.
Grimmia khasiana Mitt. US USA Lübenau s.n. (G) AJ847874 Streiff, 2005b.
C China Long 24137 (G) AJ879731 This study
Grimmia laevigata (Brid.) Brid. CH1 CH Streiff 81 (Streiff) AJ847875 Streiff, 2005b.
CH2 CH Streiff 49 (Streiff) AJ879732 This study
CH3 CH Maier s.n. (G) AJ879733 This study
Grimmia lisae De Not. CH CH Vittoz 88 (Streiff) AJ847876 Streiff, 2005b.
Az Azores Lübenau s.n. (G) AJ879734 This study
Grimmia longirostris Hook. FL FL Senn s.n. (G) AJ847877 Streiff, 2005b.
CH CH Bergamini 98-063
(G)
AJ879735 This study
Grimmia meridionalis (Müll.Hal.) E.Maier F F Streiff 40 (Streiff) AJ847878 Streiff, 2005b.
D D Maier s.n. (G) AJ879736 This study
Grimmia montana Bruch & Schimp. CH1 CH Maier s.n. (G) AJ847879 Streiff, 2005b.
D D Maier s.n. (G) AJ879737 This study
CH2 CH Streiff 115 (Streiff) AJ879738 This study
Grimmia muehlenbeckii Schimp. CH1 CH Streiff 53 (Streiff) AJ847880 Streiff, 2005b.
US1 USA Allen 14762 (MO) AJ879746 This study
Ca Canada Ireland 22990 (MO) AJ879753 This study
N Norway Blom s.n. (G) AJ879743 This study
Grimmia nutans Bruch CI Canary Is. van Melik 201552
(G)
AJ879755 This study
Grimmia orbicularis Bruch ex Wilson CH1 CH Maier s.n. (G) AJ847881 Streiff, 2005b.
CH2 CH Maier s.n. (G) AJ879756 This study
Grimmia ovalis (Hedw.) Lindb. CH1 CH Maier s.n. (G) AJ847882 Streiff, 2005b.
I I Vittoz 89 (Streiff) AJ879757 This study
CH2 CH Maier s.n. (G) AJ879758 This study
Grimmia ovalis CH3 CH Maier s.n. (G) AJ879759 This study
Grimmia pilifera P.Beauv. US USA Lübenau s.n. (G) AJ847883 Streiff, 2005b.
Grimmia plagiopodia Hedw. F F Skrzypczak (G) AJ847884 Streiff, 2005b.
D D Geissler s.n. (Streiff) AJ879761 This study
US USA Lübenau s.n. (G) AJ879760 This study
Grimmia pulvinata (Hedw.) Sm. CH1 CH Maier s.n. (Streiff) AJ847885 Streiff, 2005b.
CH2 CH Maier s.n. (G) AJ879763 This study
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name Country Herbarium number trnL-trnF
(AN)
Reference
CH3 CH Streiff s.n. (Streiff) AJ879762 This study
CH4 CH Maier s.n. (G) AJ879764 This study
Grimmia ramondii (Lam. & DC.) Margad. CH1 CH Maier 11228 (G) AJ847864 Streiff, 2005b.
CH2 CH Maier 11748 (G) AJ879711 This study
CH3 CH Maier 11703 (G) AJ879712 This study
Grimmia sessitana De Not. CH1 CH Vittoz 85 (Streiff) AJ847886 Streiff, 2005b.
CH2 CH Streiff 43 (Streiff) AJ879765 This study
CH3 CH Streiff 120 (Streiff) AJ879766 This study
Grimmia tergestina Tomm. ex Bruch & Schimp. CH1 CH Maier 11433 (G) AJ847888 Streiff, 2005b.
CH2 CH Maier s.n. (G) AJ879767 This study
Grimmia tergestina CH3 CH Maier 11799 (G) AJ879768 This study
CH4 CH Maier 11274 (G) AJ879769 This study
Grimmia torquata Bruch & Schimp. CH CH Maier s.n. (G) AJ847889 Streiff, 2005b.
Grimmia trichophylla Grev. D1 D Maier 11476 (G) AJ847890 Streiff, 2005b.
CH1 CH Maier 10726 (G) AJ879770 This study
CI1 Canary Is. Schumm & Schwarz
3453 (G)
AJ879775  This study
G Greece Nebel 171 (G) AJ879773 This study
Grimmia unicolor Hook. CH CH Streiff 82 (Streiff) AJ847891 Streiff, 2005b.
Hydrogrimmia mollis (Bruch. & Schimp.) Loeske CH1 CH Streiff 18 (Streiff) AJ847856 Streiff, 2005b.
CH2 CH Maier 11025 (G) AJ879698 This study
Racomitrium aciculare (Hedw.) Brid. CH1 CH Maier s.n. (G) AJ847857 Streiff, 2005b.
CH2 CH Maier 146 (Streiff) AJ879699 This study
CH3 CH Maier 150 (Streiff) AJ879700 This study
Schistidium apocarpum s.l. CH CH Streiff 46 (Streiff) AJ847858 Streiff, 2005b.
Outgroup species
Ptychomitrium gardneri Lesq. AF231258 La Farge et al.
2000
Table 4.3: List of specimens used to obtain trnL-trnF sequences, country of origin (CH = Switzerland, D =
Germany, P = Portugal, E = Spain, A = Austria, FL = Liechtenstein, F = France, I = Italy, USA = United
States of America), collector, herbarium number, herbarium of origin (G = Conservatoire et Jardin Botaniques
de la Ville de Genève, MO = Missouri Botanical Garden, Streiff = personal herbarium), accession number (AN)
in genbank for trnL-trnF and references.
2. DNA extraction, PCR and sequencing
Green parts of the gametophyte were removed (ca. 20 mg per sample) and ground into a
powder with liquid nitrogen. An extraction method with Qiagen© kit was used to isolate the
DNA. DNA was made soluble in 2x 50 µl of AE buffer.
The trnL-trnF sequences were amplified using PCR (Polymerase Chain Reaction) and a
combination of primers trnL(UAA) and trnF(GAA) (Taberlet et al., 1991). The 50 µl-reactions
were composed of 0.2 µl AmpliTaq® DNA Polymerase (Applied Biosystems) (5 U/µl), 5 µl
MgCl2 (2.5 mM), 5 µl 10x buffer PCR, 5 µl dNTP (2 mM each), 0.5 µl BSA (0.5%), and 0.5
µl of each primer (100 mM). Sterilized distilled water was added to the solution to bring it up
to 49 µl and 1 µl of extraction product was added. DNA fragments were amplified in a
thermocycler (Biometra® T3Thermocycler) with the following cycles: trnL-trnF [2 min.
94°C (45 sec. 94°C, 30 sec. 50°C, 45 sec. 72°C) x 35, 5 min. 72°C, hold 4°C]. PCR products
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were purified with QIAquick PCR purification kit©. Sequencing was done on an automatic
sequencer (ABI PrismTM 377 DNA Sequencer) with Applied Biosystems protocol (ABI
Prism® BigDyeTM Terminator Cycle Sequencing Ready Reaction Kits).
3. Phylogenetic analyses
A total of 91 trnL-trnF sequences representing the 34 selected species of Grimmia, 4 other
species of Grimmiaceae and Ptychomitrium gardneri (Grimmiales) were used in the analysis
of trnL-trnF sequence variability. Fifty-three sequences were newly obtained for this study
and 38 were taken from Genbank accessions (http://www.ncbi.nlm.nih.gov/). The Genbank
accession numbers for all trnL-trnF sequences are listed in Table 4.3, along with the authors
of the sequences. The analysed data matrix is composed of 91 trnL-trnF sequences with 430
characters of wich 64 were parsimony informative. According to the Akaike Information
Criterion (AIC, Akaike, 1974), Hasegawa-Kishino-Yano model (HKY, Hasegawa et al.,
1985) plus Gamma distributed rate heterogeneity (Rodriguez et al., 1990) was chosen for
trnL-trnF as the model that best fitted the data by Modeltest v.3.7 (June 2005, Posada &
Crandall, 1998). Bayesian analyses were conducted using MrBayes 3.1 (Huelsenbeck &
Ronquist, 2002). The analyses were run in four simultaneous runs for 5,000,000 generations,
sampling every 1,000 trees and recording branch lengths. The 2,500 first trees were removed
for the “burn-in” phase. The remaining 2,501 trees were combined. Each of the four runs was
analyzed independly and the four consensus trees were compared to verify the stability of the
tree topologies and of the posterior probabilities.
Maximum Parsimony (MP) were performed using Paup 4.0b10 (Swofford, 2002) with 100
replicates (stepwise random taxon addition), ‘Tree Bisection and Reconnection’ (TBR)
branch-swapping. All the equally most-parsimonious solutions were saved. Branch support
was calculated with the bootstrap method and employing, due to time constraints 100
replicates with the same options as for the heuristic search. Gaps were treated as missing data,
and characters as unordered.
Maximum Likelihood (ML) analyses were run with Phyml (http://atgc.lirmm.fr/phyml/) using
the substitution model HKY selected previously with modeltest. This ML-tree was employed
to test the local molecular clock (every subtree of the given tree was subjected to the clock
constrainst) with the program HyPhy 0.99ß (http://www.hyphy.org, Kosakovsky Pond et al.,
2005) was used. The model HKY was applied, all the model parameters are estimated
independently for each branch, and all the local parameters are constrained. A tree with a
molecular clock was obtained with the non parametric rate smoothing (Sanderson, 1997) in
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TreeEdit (http://evolve.zoo.ox.ac.uk/software/TreeEdit/main.html, Rambaut & Charleston,
2001). The branch lengths were proportional to the divergence time.
4.3 Results
1. Maximum parsimony analysis
The consensus of 5,600 trees from the MP-analysis (Fig. 4.2) was rooted by Ptychomitrium
gardneri and the three samples of Racomitrium aciculare. Two clades were present. The clade
“Rhabdogrimmia” contained the sequences of Grimmia species belonging to the subgenus
Rhabdogrimmia, species defined in part by their ability to produce foliar-gemmae (except G.
ramondii). The clade “Grimmia” consisted of the sequences of the remaining Grimmiaceae
species included in the study (representatives of Grimmia, and Coscinodon cribrosus,
Schistidium apocarpum and Hydrogrimmia mollis). Bootstrap values were low and support
was not achieved for the basal branches of the consensus tree. Constistency index (CI) was of
0.711, retention index (RI) of 0.894, and Rescaled Consistency Index (RC) of 0.636. Despite
low statistical support (bootstrap support for internal branches), RI (proportion of similarities
on a tree) showed that there was a well conserved internal structure of the MP-trees.
Internal clades within the “Rhabdogrimmia” clade were well-defined and equate to the species
as described under this subgenus. The internal clades, formed by sequences generally
providing from the same species are supported by bootstrap values from 58% to 97%.
Grimmia dissimulata, G. lisae, G. austrofunalis, G. torquata and G. meridionalis were basal
and not resolved in the “Rhabdogrimmia” clade. The remaining internal clades had well
structured branches. Grimmia muehlenbeckii sequences (node I) were associated with the
sequence of G. fuscolutea, whereas G. dissimulata sequence was associated with these of G.
lisae (node III). In the “Rhabdogrimmia” clade, two species of the 12, G. decipiens (6
sequences) and G. fuscolutea (1 sequence), were monoicous (in grey in Figure 4.2). The
variability of G. decipiens sequences (clade II) had the same pattern of internal variability as
the other species, which are dioicous.
In the “Grimmia” clade, the same structure was not found (Fig. 4.2). The sequence of G.
nutans was basal in the clade “Grimmia.” The bootstrap values of the “Grimmia” clade varied
from 50% to 98%. Few internal clades were differentiated. The sequences of G. crinita, G.
orbicularis, G. anodon, and G. plagiopodia formed a clade (node a) supported by a 50%
bootstrap value. Grimmia anodon and G. plagiopodia sequences formed a polytomy at the
base of the clade. The second clade (node b), not supported, was composed of sequences
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belonging to three species: Schistidium apocarpum, G. alpestris and G. sessitana. Grimmia
sessitana had its sequences forming a polytomy at the base of the clade. The clade composed
of four sequences of G. pulvinata (node c) was supported by a bootstrap value of 98%, and
was sister to a small clade composed of the sequences of G. elongata and G. plagiopodia. The
sequences of G. ovalis and G. tergestina formed distinct clades, supported respectively by
bootstrap values of 90% and of 58%. The two sequences of Hydrogrimmia mollis, G .
caespiticia, G. donniana, G. funalis and G. longirostris, were found in small independant
clades. The remaining species of the clade “Grimmia” were unresolved in the clade
“Grimmia.” Nine species of the 25 were monoicous. Sequences of monoicous species (G.
anodon, G. crinita, G. donniana, G. longirostris, G. orbicularis, G. plagiopodia, G. pulvinata,
and G. sessitana, in grey in Fig. 4.2) had more estimated variability in their sequences than
had dioicous species.
2. Bayesian analysis
The consensus tree obtained with Bayesian analysis (Fig. 4.3) was rooted with Ptychomitrium
gardneri. The species belonging to the “Grimmia” clade in the MP consensus tree (Fig. 4.2)
were forming a polytomy at the base of the tree, whereas the species belonging to the
“Rhabdogrimmia” and Racomitrium aciculare were forming a clade (node I) not supported
with posterior probabilities. Racomitrium aciculare, G. austrofunalis, G. torquata, G. lisae, G.
dissimulata, and G. meridionalis are basal in this clade (node I) and forming a polytomy. The
subclade composed of the remaining “Rhabdogrimmia” had structured branches and was
divided in two groups of sequences. The first subclade (node III) was composed of G.
fuscolutea, G. muehlenbeckii, G. anomala, G. decipiens and G. hartmanii. Except of G.
muehlebeckii sequences which formed a polytomy in the subclade base, the other sequences
formed small subclade corresponding to the different species. The second subclade (node IV)
was composed of two species sequences G. ramondii and G. trichophylla forming two distinct
subclades. The internal subclades formed by the species sequences and composing the
clade“Rhabdogrimmia”-Racomitrium presented few internal structure.
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Figure 4.2: Consensus tree of 5,600 trees from maximum parsimony analysis with 91 chloroplast sequences of
trnL-trnF. Bootstrap values (>50%) shown above branches. Important nodes shown under branches (I, II, III
and a, b, c). Two clades present: “Rhabdogrimmia” and ”Grimmia”. C: Coscinodon, G: Grimmia, H:
Hydrogrimmia, R: Racomitrium, S: Schistidium. In grey: autoicous species.
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The terminal branches of the different clades composed of the remaining Grimmiaceae
sequences were more variable than in “Rhabdogrimmia”. In the clade (node V) formed by
sequences of G. anodon, G. plagipodia, G. crinita and G. orbicularis, the sequences of G.
anodon and G. plagiopodia formed a polytomy and there were not clear distinction between
the sequences representing these two species. Furthermore, the G. plagiopodia sequence from
the U.S.A. (Arizona) specimen was more similar to that of G. elongata from Austria than it
was to the other sequences of G. plagiopodia (from France and Germany). Grimmia montana
had two sequences in the basal polytomy and one sequence close to Coscinodon cribrosus.
When looking at the geographic origins of the samples in relation to sequence similarity,
some interesting patterns arise. The four samples of G. pulvinata were all taken from
Switzerland and the clade formed by them had very long branches indicating high genetic
variability between these populations. This clade was also well supported with a long branch.
In G. hartmanii, the four sequences are coming from Switzerland, Turkey and Slovenia and
showed no significant sequence variation despite the wider sampling area.
3. Test of molecular clock
The Maximum-Likelihood tree was used for the test for molecular clock. The result of the test
for molecular clock were that 29 of the 99 branches had their molecular clock rejected. The
molecular clock was also independently calculated for each branch. A tree (Fig. 4.4) was
obtained with the branch lengths proportional to the relative divergence time of the sequences.
As Grimmiaceae fossil records were difficult to find, it was not possible to define a calibration
point in the tree.
The branch lengths of this tree, showed that the clade “Rhabdogrimmia” (node I) had
diverged earlier than the clade “Grimmia” (node II). The majority of the species in the
“Rhabdogrimmia” clade were older than the species belonging to the “Grimmia” clade, except
the basal species of “Rhabdogrimmia”, G. trichophylla, G. meridionalis, G. lisae, G .
dissimulata, G. torquata, and G. austrofunalis which were about as young as the Grimmia
species. The subclade containing the remaining species of “Rhabdogrimmia” (node III)
contained the older species of the study. The “Grimmia” clade (node II), was composed of
relative young species.
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Figure 4.3: Tree from Bayesian analysis (model HKY + G) with 91 chloroplast sequences of trnL-trnF, one
clades present: “Rhabdogrimmia”. C: Coscinodon, G: Grimmia, H: Hydrogrimmia, R: Racomitrium, S:
Schistidium. Important nodes: I-VI
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Figure 4.4.: Maximum-likelihood tree (model HKY + G), branches proportional to estimated divergence time
obtained with non parametric rate smoothing from trnL-trnF sequences with relative time scale; important
nodes : I-III
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4.4 Discussion
The intraspecific and interspecific variability of the two clades, “Rhabdogrimmia” and
“Grimmia” are based on the analysis of 91 trnL-trnF sequences from 34 taxa. The
“Rhabdogrimmia” species have very similar trnL-trnF sequences indicating low intraspecific
sequence variability in the trnL-trnF marker. The clades are representative of taxonomic
concepts of the species in subgenus Rhabdogrimmia, are well-defined and supported by
relatively long branches. These long branches indicate significant presence of interspecific
variability. In contrast, those species belonging to “Grimmia” have more divergent trnL-trnF
sequences representing a higher level of intraspecific variability. In this clade, our taxonomic
concepts of the species are not supported as recognisable “species” except in G. caespiticia,
G. crinita, G. donniana, G. funalis, G. longirostris, G. orbicularis, G. ovalis, G. pulvinata, G.
tergestina, and Hydrogrimmia mollis. The interspecific variability in this clade is lower than
that seen in the “Rhabdogrimmia” clade. Despite the low branch support the general topology
of the trees obtained (Maximum Parsimony, Bayesian analysis and Maximum-Likelihood) are
consistent.
Many recent studies used molecular clock calibrated with fossils (for example Dohlen et al.,
2002; Near et al., 2003; Pisani et al., 2004). As the number of Grimmiaceae fossils found is
very low compared to other bryophytes (for example Hypnobryales or Sphagnum), saxicolous
species being only preserved accidentally (Gams, 1932), there was also no possibility to find a
calibrating point for the molecular clock in the tree. In the present study, the molecular clock
test showed that the relative divergence time between the two clades “Rhabdogrimmia” and
“Grimmia” are different. “Rhabdogrimmia” has diverged earlier than “Grimmia”. This
phenomenon could explain the difference of genetic diversity present in the clades. The older
species (“Rhabdogrimmia”) are better differentiated than the younger species (“Grimmia”).
A key morphological difference between the two clades is the production of foliar-gemmae by
the “Rhabdogrimmia” species (except G. ramondii). Production of specialized propagules for
asexual reproduction is not known in the species of the “Grimmia” clade. This group of
species is thus assumed to reproduce sexually and disperse via spores. Although species in the
“Rhabdogrimmia” clade also reproduce sexually, the frequency of sporophyte production in
this group tends to be much lower than seen in the “Grimmia” group of this analysis. The
genetic invariability within the species of the “Rhabdogrimmia” clade would indicate, based
on the trnL-trnF marker, that they behave as clonal species. In the “Grimmia” clade, the more
divergent sequences (high intraspecifc variability) and low intraspecific variability indicated
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more genetic mixing and perhaps even hybridisation (cf. G. anodon and G. plagiopodia) is
present. The limit of the trnL-trnF sequences used in this study is the maternal inheritance of
the chloroplast (Duckett et al., 1983) and the absence of genetic recombination in this
genome. However Jordan et al. (1996) have suggested in a study on the Lemnaceae
(Angiosperm) that higher mutation rate for the nuclear genome could act to increase variation
over that of the chloroplast genome, and that sexual reproduction may also play a role.
Reproduction strategies could influence the evolutionary rate of the chloroplast genome.
Skotnicki et al. (1998) have shown that the dioicous moss species Bryum argenteum Hedw.
exhibits both sexual and asexual reproduction through its distribution range and maintains
intraspecific variability. This was observed even in Antarctica where it reproduced
exclusively asexually. Hylocomium splendens (Hedw.) Schimp. reproduces essentially
asexually and this species has been observed with relatively high levels of intraspecific
variability (Cronberg et al., 1997). They also found that the intraspecific variability could be
maintained in long-lived clones because the frequency of successful sexual reproduction did
not have to be high to maintain this level of variability in populations.
The wide geographic sampling of the different species had no visible effect on the
intraspecific or the interspecific variabilities of the trnL-trnF sequences in the sampled
species. The intraspecific variability was higher in G. pulvinata (four samples from
Switzerland) than in G. hartmanii (four samples from Switzerland, Slovakia and Turkey).
When sexuality of species is evaluated, monoicous and dioicous species are present in both
clades. Reproductive strategy (monoicy or dioicy) was apparently not directly linked with the
intraspecific variability in the “Rhabdogrimmia” clade, but could be linked in the “Grimmia”
clade, the monoicous species being more variable. Cronberg (1996) had shown in species of
Sphagnum sect. acutifolia (Russow) Schimp. that monoicous vs. dioicy may influence
variability in species: dioicous species had more variation than monoicous species. Contrary
to this, Hofman (1991) had concluded that, in species of Plagiothecium Bruch & Schimp.,
dioicous species had less variation than monoicous species. Sexual reproduction was rarer
when male and female gametes are on separate plants. In this study, monoicous and dioicous
taxa were distributed throughout and in both clades (Fig. 4.2).
Hybrids of mosses have been found and described in literature (Hedderson, 1986; Patterson et
al., 1998) although they are difficult to detect in nature. Same patterns of divergence have
been shown in a study on Fontinalaceae (Shaw & Allen, 2000). Fontinalis hypnoides Hedw.
was also polyphyletic based on its cpDNA (trnL-trnF), but monophyletic based on the nrDNA
(ITS). Shaw & Goffinet (2000) and Shaw et al. (2005) revealed reticulate evolution
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(hybridization) in species of Sphagnum L. using molecular markers.
As tittle research has been done on spore germination or spore viability in the genus, we have
explored germination potential and verified how spores of G. pulvinata present in mature
capsules were viable. Some capsules were harvested and spores germinated in distilled water.
Approximately 10% of the spores germinated. Spores measured between 10-12µm diameter
when placed in water. After two weeks some spores had doubled their volume (diameters ~ 20
µm) and they germinated after three weeks (Fig. 4.5a). Van Zanten (1978) had shown that G.
laevigata, G. pulvinata, G. decipiens and G. sessitana had spores which could germinate after
2 to 3 years of desiccation. In many moss species, vegetative reproduction may take the form
of regeneration from plant parts. Gametophyte fragments of Grimmia pulvinata (Hedw.) Sm.
were cultivated in distilled water. These fragments produced their first protonema cells after
one week and had produced abundant protonema after 3 weeks in culture (Fig. 4.5b). The role
of this type of propagation is unknown in Grimmia and we assume here that regeneration
from gametophyte fragments is equally likely for all taxa involved in this study.
a    b
Figure 4.5: a) Germinating spores of Grimmia pulvinata (Hedw.) Sm. after three weeks in culture (scale: 20µm),
b) Protonema production from gametophyte fragments of G. pulvinata after three weeks of culture in distilled
water (scale: 50µm).
4.5 Conclusion
The results indicate that reproductive strategies (here the adoption of vegetative reproduction)
in Grimmia may influence the intra- and interspecific variability of the different species. The
species with specialized asexual reproductive structures, here foliar-gemmae, have not the
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same level of intra-and interspecific variability than species which do not possess such
structures. In this study, species belonging to the clade “Rhabdogrimmia” were shown to have
a low intraspecific variability and a relatively high interspecific variability whereas the
tendancy was the inverse (high intraspecific variability and low interspecific variability) in the
species belonging to the clade “Grimmia” which likely reproduce sexually. The molecular
clock test had shown that “Rhabdogrimmia” has diverged earlier than “Grimmia”. This
difference of age could also be responsible of the genetic variability present in both clades.
The use of molecular markers from the nuclear or chloroplast genome, that are sufficiently
variable at the infra-generic level in Grimmia, would allow for a more detailed analysis of the
variability within and between species. Nuclear DNA will permit us to study the different
recombination rates present in the Grimmia species and to verify the results obtained in the
present study. Of potential interest are sequences such as Adk used in a study at the population
level in Ceratodon purpureus (Hedw.) Brid., (McDaniel & Shaw, 2005).
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Chapter 5. Intraspecific and interspecific variabilities of “Internal Transcribed Spacer”
(ITS) in the case of some species of Grimmia Hedw. (Grimmiceae, Bryopsida)
This chapter will not be published. It is about preliminary results concerning the variability of
the sequence ITS in Grimmia Hedw.
5.1 Introduction
The ribosomal DNA (rDNA) in eucaryotes is constituted from one hundred to several
thousand tandem repeat units localized in one or several places of the genome. The
transcription of every unit gives the RNA precursor 35S which then gives, after maturation,
the rRNA 18S, 5.8S and 26S (Fig. 5.1). Two spliced parts are called “Internal Transcribed
Spacers” or more usually ITS1 (spacer among 18S and 5.8S) and ITS2 (spacer among 5.8S
and 26S; Vanderpoorten et al., 2001). Genetic variety between various repeated units is
generally weak due to a joint evolution inside and between ribosomal loci (Ritland et al.,
1993). If joint evolution is weaker than speciation, a simple genome is going to contain
divergent paralogues (Baldwin et al., 1995; Manen, 2004). The paralogues of the rDNA
become pseudogenes when a locus deactivates or when a single copy of rDNA is dispersed in
another region of the genome (Buckler & Holtsford, 1996). ITS pseudogenes can accumulate
high rates of substitution, what reduces the stability of their secondary structures (Buckler et
al., 1997).
Mai and Coleman (1997) showed that the secondary structures of the ITS are highly
conserved. ITS2 sequences can be globally very different from each other, but are consisted of
an alternation of very conserved and relatively low variability regions (responsible for the
secondary structure) and of very variable regions. The conserved regions are present in all the
green plants. Secondary structure of ITS2 has a very important functional role. It could indeed
contain information which would participate to the orientation of endonucleotic enzymes
towards their restriction sites (in Mai & Coleman, 1997). The sequence of the ribosomal gene
5.8S is extremely conserved (Coleman, 2003).
Use of ITS sequences in phylogenetic studies
ITS sequences are used in the study of relations between systematically close taxa, because of
their high variability. These sequences are used as a marker in phylogenetic studies in
angiosperms (for example: Hsiao et al., 1995; Cerbah et al., 1998) or in bryophytes [for
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example liverworts in the genus Plagiochila (Dumort.) Dumort. (Heinrichs et al., 2002 Groth
et al., 2002), Lejeuneacae (Ahohen et al., 2003), or mosses in the Lembophyllaceae (Quandt
et al., 2000), Amblystegiaceae (Vanderpoorten et al., 2001 Vanderpoorten et al., 2002a, b),
Hylocomiaceae (Chiang & Schaal, 2000), Brachytheciaceae (Huttunen & Ignatov, 2004) and
in Leucobryum Hampe (Oguri et al., 2003)]. Using this marker, Shaw et al. (2003) studied
differentiation between different distant populations (Europe vs. North America) in three
species, Claopodium whippleanum (Sull.) Ren. & Card., Dicranoweisia cirrata (Hedw.)
Lindb. and Scleropodium touretii (Brid.) L.F. Koch. No phylogenetic study using ITS
sequences has been done on any members of the Haplolepidae (or Dicranidae).
Figure 5.1: three coding regions (18S , 5.8S and 26S) and two regions “Internal Transcribed Spacers” (ITS1
and ITS2) from the tandem repeat units in the rDNA.
Certain genera of mosses, such as Pilotrichella (Müll. Hal.) Besch., Rhizogoniaceae (Shaw &
Allen not published, in Vanderpoorten et al., 2001), Pyrrhobryum Mitt., Meteoriaceae
(McDaniel not published, in Vanderpoorten et al., 2001) or Holomitrium Brid., Dicranaceae
(Price, pers. comm.), have ITS sequences too variable to be aligned and used as markers in a
phylogenetic or phylogeographic study.
Before beginning a systematic study with the ITS sequences in Grimmia Hedw., it is
necessary to test if these markers are informative. A preliminary study was conducted to
measure intraspecific and interspecific variabilities in ITS in certain species of Grimmia and
some members of the family of Grimmiaceae (Coscinodon cribrosus, Hydrogrimmia mollis,
Racomitrium aciculare).
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5.2 Material and Methods
1. Material
The list of samples selected within the framework of this chapter is given in Appendix 11.
The names of the authors of species are listed in the Table 5.1. The ingroup consisted of 22
species of Grimmia. The species of Grimmia were selected from trees obtained with the
combination of morphological and molecular characters (trnL-trnF and rps4, Fig. 3.2) to have
representatives of the two clades “Rhabdogrimmia” and “Grimmia.” Three Grimmiaceae,
Coscinodon cribrosus, Hydrogrimmia mollis and Racomitrum aciculare were used as
outgroup species.
Table 5.1: Species, names of ITS sequences, with indications of the GC content in the sequences as well as total
length of the sequences. *: sequences obtained after cloning.
Species Clones Sequence N° GC content
[%]
ITS Sequence total length
Coscinodon cribrosus (Hedw) Spruce * 20p 3 56 849
* 20p 4 57 849
Grimmia alpestris (F.Weber & D.Mohr) Schleich. * 5c1 59 880
* 5c2 59 880
* 5c3 59 880
* 5c4 59 881
* 5c5 59 880
* 5c6 59 880
* 5c7 59 880
* 5c8 59 880
* c1 59 880
* c2 59 881
* c4 59 880
* c5 59 880
* c7 59 880
Grimmia anodon Bruch & Schimp. * 1.1 57 869
* 1.2 58 853
* 62.4 49 891
Grimmia anomala Hampe ex Schimp. * 35.1 58 857
* 35.2 58 847
* 35.3 58 859
* 35.4 58 849
Grimmia austrofunalis Müll.Hal. * 34.4 56 875
Grimmia caespiticia (Brid.) Jur. 3p 59 849
Grimmia decipiens (K.F.Schultz) Lindb. 6 56 750
Grimmia donniana Sm. 8 58 788
Grimmia elatior Bals.-Criv. & De Not. 3 57 808
Grimmia funalis (Schwägr.) Bruch & Schimp. * 10.2 56 954
* 10.4 56 954
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Species Clones Sequence N° GC content
 [%]
ITS Sequence total length
Grimmia fuscolutea Hook. 11 59 815
Grimmia hartmanii Schimp. * 2.1 60 931
* 2.2 60 941
* 2.4 60 939
Grimmia laevigata (Brid.) Brid. 15 57 747
Grimmia lisae De Not. 69 58 686
* 5b1 56 779
* 5b3 57 775
* 5b4 57 776
* 5b6 57 775
* 5b7 57 773
* 5b8 57 779
Grimmia lisae * b2 57 773
* b3 58 774
* b5 57 776
* b6 57 773
* b7 56 780
Grimmia montana Bruch & Schimp. * 5d5 58 777
Grimmia muehlenbeckii Schimp. * 5e1 57 844
* 5e2 56 864
* 5e4 57 844
* 5e5 57 845
* e3 57 844
* e4 57 843
* e7 57 844
* e8 57 844
Grimmia orbicularis Bruch ex Wilson 22 45 702
* 5f3 54 815
* 5f8 53 844
Grimmia ovalis (Hedw.) Lindb. 21 58 813
Grimmia plagiopodia Hedw. * 24.4 56 889
24 58 742
* 24.1 56 889
* 24.2 56 889
Grimmia pulvinata (Hedw.) Sm. 25 61 767
* 5a1 59 832
* 5a2 59 750
* 5a6 59 832
* a1 59 834
* a2 59 834
* a3 59 837
* a6 59 834
* a8 59 834
Grimmia ramondii (Lam & DC.) Margad. 5 59 767
Grimmia tergestina Tomm. ex Bruch & Schimp. 33 59 816
50 56 707
Grimmia trichophylla Grev. 49 60 791
* 5g3 60 912
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Species Clones Sequence N° GC content
 [%]
ITS Sequence total length
* g2 55 805
* g3 55 804
* g4 56 820
* g6 55 804
* g7 55 804
Hydrogrimmia mollis (Bruch & Schimp.) Loeske * 31.2 46 766
* 5h1 55 801
* 5h2 55 802
* 5h4 55 802
* 5h6 55 802
* h4 59 910
Racomitrium aciculare (Hedw.) Brid. * 30.1 57 854
* 30.2 57 854
2. Extraction of the DNA, amplification, cloning and sequencing
The green parts of the gametophyte were taken (~ 20 mg per sample). The material was
reduced to powder in liquid nitrogen, then a method of extraction based on CTAB (Doyle &
Doyle, 1987) was applied. DNA extract was eluted in a final volume of 30 µl of buffer TE
(Tris-HCl 10 mM, EDTA 1 mM, pH 8.0) and dosed on a 1 % agarose gel containing Ethidium
Bromide.
ITS fragments were amplified by the method PCR (“Polymerase Chain Reaction”). The
sequences of the primers are in Table 5.2. The mix of reaction (50 µl) consisted of 0.2 µl of
AmpliTaq ® DNA Polymerase (Applied Biosystems) (5 U/µl), 5 µl MgCl2 (2,5 mM), 5 µl
buffer PCR 10x, 5 µl dNTP (2 mM each), 0.5 µl BSA (0.5 %), and 0.5 µl of each primer (100
mM), and 49 µl of distilled water. One µl of extraction product was added. Two PCR were
made with DNA of certain extracts corresponding to species Grimmia alpestris, G. lisae, G.
montana, G. muehlenbeckii, G. orbicularis, G. pulvinata, G. trichophylla and Hydrogrimmia
mollis. In one of two, 2.5 µl of DMSO (Dimethyl Sulfoxide, = 5 % of the volume) were added
in the reaction mixture to loosen the secondary structures of the DNA which could form
during the PCR (Buckler et al., 1997). The PCR were done in a thermocycler (Biometra ®
T3Thermocycler) with the following program: (2 min 94°C (1 min 94°C , 1 min 52°C , 3 min
72°C) x 35, 7 min 72°C). PCR products are purified with Bio-Rad® “Prep-A-GeneTM DNA
purification kit” and eluted in final solution in 13 µl of TE. Certain extracts (Table 5.2) did
not need to be cloned and were directly sequenced (same protocol, use the same primers that
in the development diluted 10x, cf. Table 5.2), whereas the other sequences (Table 5.2) were
obtained after cloning. The protocol of cloning supplied for vectors pGEM®-T was applied.
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The colonies of the bacteria obtained were amplified in 25 µl of mix PCR with the
combinations of primers M13 (primers designed on the vector pGEM®-T, cf. Table 5.2). The
PCR were checked on a 1 % agarose gel containing some Ethidium Bromide. The positive
PCR were sequenced on an automatic sequencer (ABI PrismTM 377 DNA Sequencer) using
protocol provided by Applied Biosystems (ABI Prism® BigDyeTM Terminatot Cycle












White et al., 1990
Promega Corporation
Table 5.2: primers and primer sequences for the sequence ITS as well as their reference in the literature
3. Phylogenetic analyses
Sequences were assembled due to the program Sequencher (Applied Biosystem). Every
sequence was verified in BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) to check the
sequence origin, and to eliminate possible contaminents. Sequences obtained after DMSO
addition were indicated with a 5 in front of the code of the sequence (for example: 5b2 or 5e2,
Table 5.1). GC contents of sequences were calculated in the complete sequences (ITS1, 5.8S,
ITS2) with the program GEECEE (http://bioweb.pasteur.fr/seqanal/interfaces/geecee.html)
and are presented in the Table 5.1 as well as the length of the sequences.
Sequences were then aligned using the program Se-Al v2.0a8 (Rambault, 2001). The region
ITS1 was eliminated from the matrix, because it was too variable and impossible to align.
Only regions 5.8S and ITS2 were kept for the analyses. The matrix was then imported in
nexus format into the program Paup 4.0b10 (Swofford, 2002). The unresolved regions and the
ambiguities were eliminated from the matrix for analyses. A total of 92 sequences belonging
to the genera Grimmia , Coscinodon, Hydrogrimmia and Racomitrium were considered
(Appendix 12). Three hundred and forty-seven characters were present in the matrix, 160
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characters were constant and 105 were parsimony informative. A Neighbor-Joining analysis
was used with standard parameters (option of distance: HKY).
5.3 Results
Between 1 and 13 sequences were isolated for every studied individual (Table 5.1) for a total
of 25 species. The GC content (Table 5.1) was estimated for every sequence. This percentage
varies from 45 % (G. orbicularis) to 61 % (G. pulvinata). The total sequence lengths vary
from 747 (G. laevigata) to 954 (G. funalis) base pairs. In our results, sequences obtained with
and without DMSO did not show any differences. Most of the cloned species possessed
variable sequences inside an extraction product requiring their cloning. Six clones were
sequenced for example for G. trichophylla with lengths varying between 804 and 912 base
pairs. The variability of these sequences resulting from the same extraction product was such
that alignment was extremely difficult.
In spite of the genetic variability present, certain ITS2 regions were relatively well-conserved
and allowed alignment, and use of a part of these characters for a preliminary phylogenetic
analysis. The majority of the extraction products possessed low variability sequences (cf. G.
pulvinata and G. lisae) and sequences resulting from DNA extracts formed a clade. However,
the sequences of Hydrogrimmia mollis, G. anodon, G. orbicularis, G. tergestina and G.
trichophylla were positioned in several places in the phylogenetic tree. The two groups of the
most problematic sequences resulted from extracts of H. mollis and G. trichophylla. These
two species had very different positions in the trees seen in the previous studies (chapter 3,
combination of morphological and molecular characters). Grimmia trichophylla belonged to
“Rhabdogrimmia,” whereas H. mollis belonged to “Grimmia.” In the Figure 5.2, these two
groups of sequences appeared in sister positions in several places in the tree (Fig. 5.2; G.
trichophylla “+” and H. mollis “*”). Their GC contents, which illustrate the variability of
these sequences, varied from 46 % to 59 % for H. mollis and from 55 % to 60 % for G.
trichophylla. Four sequences belonging to G. orbicularis, G. anodon and H. mollis which
possess a low GC content (from 45 % to 54 %) were grouped in the same clade (Fig. 5.2). The
branches of this clade are relatively long, an indication of fast evolution and probably the
presence of pseudogenes.
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Figure 5.2: Phylogenetic tree with nuclear sequences ITS2 of some Grimmiaceae based on a HKY distance and
the algorithm of Neighbor-Joining. GC content is indicated after the name of every sequence; the framed
sequences correspond probably to pseudogenes; +: Grimmia trichophylla, *: Hydrogrimmia mollis.
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The tree obtained with the analysis Neighbor-Joining (Fig. 5.2) was rooted with two
Racomitrium aciculare sequences. This tree had a main clade (clade 1) containing species
present in the clade “Grimmia” of the previous chapters and three species belonging to the
clade “Rhabdogrimmia,” G. austrofunalis, G. lisae, and one of the sequences belonging to G.
trichophylla (5g3). A small clade (clade 2) which contained sequences of species belonging to
the subgenus Gasterogrimmia Schimp. (G. anodon and G. plagiopodia), as well as a sequence
of G. orbicularis and Hydrogrimmia mollis, was sister to clade 1. Sequences forming a grade
in the base of the tree belonged to the species of the clade “Rhabdogrimmia”, except H. mollis
which belonged to “Grimmia.”
5.4 Discussion and perspectives
Contrary to most of phylogenetic studies made on mosses using the sequences ITS (Chiang &
Schaal, 2000; Quandt et al., 2000; Stech & Frahm, 2000; Vanderpoorten et al., 2001;
Vanderpoorten et al., 2002a, b; Huttunen & Ignatov, 2004), this marker cannot be used with
ease in the the phylogenetic study of Grimmia. Sequences of ITS were indeed too variable
either in an extraction product (for example in the cases of Grimmia trichophylla and
Hydrogrimmia mollis) or interspecifically. The values of the GC content as well as the
differences of length of sequences illustrated well the variabilities in and between the studied
species. This high variability is present in the other groups of Haplolepidae such as
Holomitrium (Price, comm. pers.). It would be interesting to deepen the study of the ITS in
this group to better understand the evolution and the variability of this sequence.
The region ITS1 was eliminated from the matrix because of its excess of variability (very
significant rate of insertion/deletion which renders the alignment impossible). In the
sequences ITS2 of Grimmia, we found an alternation of conserved and extremely variable
regions. It would be interesting to study the conservation of these sequence regions to verify if
the secondary structure which is found in angiosperms (5 conserved regions, in Mai &
Coleman, 1997; Coleman, 2003) was also present in Grimmia and to verify if the sequenced
ITS2 region is functional in this genus. The long terminal branches as well as high GC content
of the 4 sequences of Grimmia orbicularis, G. anodon and H. mollis would indicate that these
species could possess pseudogenes. Numerous studies mainly concerning groups of
angiosperms (for example Manen, 2004; Razafimandimbison et al., 2004) showed the
presence of this type of sequences. No study has been done specifically on the presence of
pseudogenes in the ITS sequences of mosses.
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Preliminary phylogenetic discussion
The topology of the phylogenetic tree obtained with the sequence 5.8S-ITS2 (Fig. 5.2) was not
totally congruent with the topologies of the trees in the previous chapters (Streiff, 2005). The
clade 1 (Fig. 5.2) contained sequences of species belonging mostly to “Grimmia” and
Coscinodon cribrosus. The genus Grimmia was paraphyletic. Besides, in clade 1, one also
finds G. lisae, G. austrofunalis and G. trichophylla which belonged in the previous studies to
“Rhabdogrimmia” based on morphological data and chloroplast DNA sequence data (Fig. 3.2,
4.2 and 4.3).
Clade 2 contains sequences of species belonging to the subgenus Gasterogrimmia (G. anodon
and G. plagopodia) as well as G. orbicularis and Hydrogrimmia mollis. Grimmia orbicularis
was associated to those of the species of Gasterogrimmia based on the marker trnL-trnF (i.e.
Streiff and Price, in prep.). Hydrogrimmia mollis was never located in the clade
“Gasterogrimmia” during the previous analyses, but was a part of the clade “Grimmia.”
The sequences of the remaining Grimmia species are basal in clades 1 and 2, and belong to
species of the previously defined clade “Rhabdogrimmia.” The sequences of H. mollis and G.
trichophylla are close and appear in the same clade. These two species were already close in
the clade 1. The similarity of the sequences of these two species could result from one or
several events of hybridization (reticulate evolution) in the past.
Besides the high variability of these sequences, the sampling of this study remains limited. A
higher number of samples (more species, several different samples per species with about ten
clones by DNA extract) would allow us to better understand the variability of this sequence
inside the genus Grimmia and/or inside the family of Grimmiaceae, to obtain useful molecular
characters for a phylogenetic study and to show a possible reticulate evolution in this group of
mosses.
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Chapter 6. General discussion and conclusions
6.1 General discussion
The main results obtained in the different chapters of this work on the phylogenetic
relationships of Grimmia Hedw. are summarized here.
1. Limits of the family Grimmiaceae
The Grimmiaceae contains about 280 species divided into 11 genera, the largest of which are
Coscinodon Spreng., Grimmia, Racomitrium Brid., and Schistidium Brid. (Crosby et al.,
2000). This family is morphologically well-delimited and consensus of the family
circumspection is found in literature (for example Smith, 1978; Crum & Anderson, 1981;
Nyholm, 1998). The majority of Grimmiaceae species are xerothermophilous and saxicolous.
Selection pressures under these ecological conditions are similar and morphological
characters in these species are therefore assumed to have converged. The Grimmiaceae
species are defined by xerothermophilous characters such as the presence of hair-points and
thickened cell-walls but also by characters such as guide-cells in a basal condition. The
Grimmiaceae belong to the Dicranidae (Haplolepidae) and are sister to the Ptychomitriaceae
(Goffinet & Buck, 2004). Few recent phylogenetic studies have included members of the
Grimmiaceae (for example Churchill, 1981; Cao & Vitt, 1986; Tsubota et al., 2003) and
phylogenetic relationships at the generic or infrageneric level are understudied.
Churchill (1981), in the only phylogenetic study focusing on the Grimmiaceae, found that the
family Grimmiaceae was paraphyletic with the genera Ptychomitrium and Campylostelium
belonging to Grimmiaceae. In Churchill (1981), three subfamilies were present in the
principal clade of the analysis: the Grimmioideae composed of “Guembelia” (corresponding
to the subgenus Guembelia Hampe), “Rhabdogrimmia” (subgenus Rhabdogrimmia Limpr.),
Grimmia and Schistidium. Hydrogrimmia (I.Hagen) Loeske was in an uncertain position in
this subfamily. Hydrogrimmia shared features with “Guembelia” such as plane leaves and
long erect setae. However, Churchill (1981) could not determine the proper placement of this
genus, because of Hydrogrimmia unique features such as soft leaves, poorly defined
epidermal and cortical region cells. The second subfamily was the Coscinodontoideae that
was composed of Coscinodon species and three small genera: Aligrimmia R.S. Williams,
Ja f fue lobryum  Thér. and Indusie l la  Broth. & Müll.Hal. The last subfamily,
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Ptychomitrioideae, was composed of Racomitr ium , Ptychomitr ium  Fürnr. and
Campylostelium Bruch & Schimp.
In the present study, when phylogenetic trees from the morphological analysis were rooted by
Scouleria aquatica Hook. (Scouleriaceae), the Grimmiaceae were paraphyletic and would be
monophyletic with the exclusion of Scouleria aquatica, Hydrogrimmia mollis (Bruch &
Schimp.) Loeske and Campylostelium pitardii (Corb.) E.Maier from the cladistic analyses.
Hydrogrimmia mollis was positionned near to Campylostelium pitardii (Ptychomitriaceae)
and, both were outside the clade containing the other members of the Grimmiaceae.
Hydrogrimmia mollis is a hygrophilous species (unistratose and transparent laminae, fine cell-
walls, hair-points reduced) whereas Grimmiaceae species are xerothermophilous. The
remaining species of Grimmiaceae form a monophyletic group with Racomitrium aciculare
(Hedw.) Brid. and R. crispulum (Hook.f. & Wilson) Hook.f. & Wilson in a basal position.
The level of homoplasy in the morphological/anatomical dataset is very high and this is
comparable to other moss morphological cladistic studies (Pederson, 2000; Pederson &
Hedenäs, 2002; Virtanen, 2003).
Some morphological characters are stable in the trees. The majority of the species share
characters such as leaves not enrolled when dry, presence of hair-points, guide-cells at mid-
leaf in a basal position, thickened cell-walls and the shape of the cells in the transition zone.
When only the chloroplast sequence rps4 or the combined molecular characters (trnL-trnF
and rps4) are used, the monophyly of the Grimmiaceae, as already suggested in the molecular
works of Tsubota et al. (2003), Hedderson et al. (2004) and Goffinet and Buck (2004), is
supported. Contrary to the morphological study where hygrophilous morphological characters
of Hydrogrimmia mollis differentiated it from the clade containing the Grimmiaceae, based on
molecular data this species clearly belongs to the clade of Grimmiaceae. Ptychomitrium
crassinervum (Müll. Hal.) Paris and P. gardneri Lesq. form a sister clade to the Grimmiaceae.
The families Ptychomitriaceae and Grimmiaceae are distinct and form a monophyletic group,
as already observed in the morphological analysis. The Ptychomitriaceae and Grimmiaceae
were considered to be in the order Grimmiales in studies of Tsubota et al. (2003), Hedderson
et al. (2004) and Goffinet and Buck (2004). The genera Drummondia Hook. and Scouleria
Hook. that Buck and Goffinet (2000) placed in the Grimmiales do not belong to this order but
to the “Proto-haplolepidae”, a grade of species in a basal position of the Haplolepidae
phylogenetic trees (Hedderson et al., 2004).
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2. The genus Grimmia
Grimmia is composed of about 70 species (Muñoz & Pando, 2000). This genus is defined by
the following morphological characters: nerve cells in transverse section well-differentiated,
setae twisted in an anti-clockwise direction and columellae not attached to the capsule at
dehiscence (Maier, 2002b). Since Grimmia species share the same habitat conditions
(xerothermophilous and saxicolous species), one hypothesis is that pressures act upon the
plants. Convergence in evolution is likely to have been frequent.
Grimmiaceae species are well-delimited and they are defined by combinations of
morphological characters. The species concept is well-developped (for example Smith, 1978;
Maier & Geissler, 1995; Nyholm, 1998; Maier, 2002a, b) whereas generic and subgeneric
concepts are not. The morphological homogeneity of certain characters such as thickened cell-
walls or cell shape has a direct impact on the delimitation of Grimmia subgenera and of
genera in the Grimmiaceae. Numerous classifications of the Grimmiaceae or of the Grimmia
subgenera have been published (i.e. Jones, 1933; Lawton, 1971; Smith, 1978; Cao & Vitt,
1986; Nyholm, 1998) and no consensus exists in literature. For example, Schistidium,
Coscinodon and/or Hydrogrimmia were considered to belong to Grimmia by some authors
(i.e. Jones, 1933; Lawton, 1971; Muñoz & Pando, 2000) whereas other authors recognized
them as separate genera (Limpricht, 1890; Loeske, 1913, 1930; Podpera, 1954; Smith, 1978;
Nyholm, 1998).
In the morphological analysis, the genus Grimmia was paraphyletic, as already suggested by
Churchill (1981), Tsubota et al. (2003) and Hedderson et al. (2004). Morphologically, G.
indica (Dixon & P.de Varde) Goffinet & Greven was closer to the two species of
Racomitrium than to all the other species of Grimmia. Grimmia indica possesses characters
that are unique in the genus Grimmia, in particular strongly marked apophyses, seen in young
capsules, which are similar to those in R. aciculare (Maier, 2002b).
The species Schistidium apocarpum s.l., Coscinodon calyptratus (Hook). Kindb. and C.
cribrosus (Hedw.) Spruce belong to the clade containing Grimmia, from which they do not
differ morphologically. Schistidium is principally defined by the capsule columella which
remains attached to the operculum at dehiscence (Maier, 2002b), whereas in the Coscinodon
distinct morphological character is the shape of its calyptrae which are large, campanulate and
plicate (Nyholm, 1998). These two diagnostic characters do not permit the separation of the
two species of Coscinodon and the species of Schistidium from Grimmia in the morphological
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analysis. The position of these three genera confirms the views of Jones (1933), Lawton
(1971) and Muñoz and Pando (2000).
In the morphological analysis, three clades formed by species belonging to three subgenera,
Gasterogrimmia Schimp., Litoneuron I.Hagen and Rhabdogrimmia respectively, are detached
from the main clade. The species of the clade “Gasterogrimmia” are mainly defined by ovate
capsules, a diagnostic character of the subgenus Gasterogrimmia (Schimper, 1876). The
species of the clade “Litoneuron” are characterized by nerves that are not well-defined until
the apex, a character unique in the Grimmiaceae (synapomorphy) and diagnostic for the
subgenus Litoneuron (Hagen, 1909). Finally, the species in the clade “Rhabdogrimmia”
possess furrowed capsules, a diagnostic character for the subgenus Rhabdogrimmia
(Limpricht, 1890). Cao and Vitt (1986) in a cladistic analysis of Grimmia at an infrageneric
level using morphological characters, and considering only Grimmia species, found 4 clades
corresponding to the subgenera Rhabdogrimmia, Litoneuron, Grimmia (Hedw.) Schimp. and
Guembelia. The Rhabdogrimmia and Litoneuron clades in Cao and Vitt study (1986)
corresponded to the “Rhabdogrimmia” clade in the present morphological analysis and was
mainly defined by the furrowed capsules and to the “Litoneuron” clade defined by flattened
costae (equal to nerves not well-defined until apex). The two remaining clades Guembelia and
Grimmia are not differentiated in the present morphological analysis and represent the
remaining species of the “Grimmia” clade. The Gasterogrimmia clade was not present in Cao
and Vitt study (1986), because G. anodon Bruch & Schimp. is the only  representative of
Gasterogrimmia growing in China.
In this study, the clades obtained were defined by morphological characters resulting mainly
from the gametophyte rather than from the sporophyte. The characters taken from the
gametophytes are informative for the definition of groups at the level of subgenera, whereas
sporophytic characters are informative for the delimitation of the species in Grimmia. All the
sporophytic characters are not available for all species of Grimmia, because in certain of them
production of sporophytes can be rare or even absent (for example in G. hartmanii Schimp.
and G. anomala Hampe ex Schimp.). Information concerning sporophytic characters in these
species was thus not available.
As in the morphological study, the genus Grimmia is paraphyletic in the trees obtained from
the analysis of the combined morphology and molecular characters (rps4 and trnL-trnF). The
statistical support obtained for the phylogenetic tree branches are not high. However the tree
topologies obtained with the different combination of datasets and the different analysis
methods are very conserved.
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Racomitrium aciculare is differentiated from two clades: “Rhabdogrimmia” and “Grimmia”
and is distinct from the other Grimmiaceae. Schistidium apocarpum, Coscinodon cribrosus
and Hydrogrimmia mollis were not differentiated from the species of “Grimmia” as seen in
the morphological study. Two clades corresponding to subgenera Gasterogrimmia and
Litoneuron are present in the clade “Grimmia”. The clade “Rhabdogrimmia” contains the
majority of species associated with the subgenus Rhabdogrimmia in the literature (for
example in Limpricht (1890) or Maier (2004)). Four species (G. pulvinata (Hedw.) Sm., G.
orbicularis Wilson, G. elatior Bals.-Criv. & De Not. and G. funalis (Schwägr.) Bruch &
Schimp.), associated with the clade “Rhabdogrimmia” in the morphological study, and
possessing the diagnostic character of the subgenus (furrowed capsules), are positioned in the
clade “Grimmia” in this analysis. The species of the clade “Rhabdogrimmia” possess a
morphological character unique in the Grimmiaceae (synapomorphy) and one totally absent in
the four above-mentioned species, namely the production of foliar-gemmae (organs
specialized for asexual reproduction).
In the trees obtained from the rps4 sequence data alone and from the combination of rps4 and
trnL-trnF sequence datasets, a difference in the branch structure between the clades
“Rhabdogrimmia” and “Grimmia” is present. “Rhabdogrimmia” is internally structured with
well-differentiated species while “Grimmia” has little internal structure. “Rhabdogrimmia”
species should have diverged earlier than “Grimmia” species.
To understand and find a better delimitation of the genus Grimmia, a more detailed study has
to be done on the species belonging to the clade “Grimmia”, adding more Grimmia and
Grimmiaceae species (Coscinodon and Schistidium) and using more variable molecular
markers.
3. Geographic and ecological differentiation of clades “Grimmia” and “Rhabdogrimmia”
Grimmia species have large geographic ranges (for example across the North temperate zone)
and low endemism. Representatives of this genus grow on each continent, including
Antarctica. In the tropics, species tend to grow at high altitudes and where the climate is
dryer, whereas in the temperate zone they grow from sea-level to high altitudes (such as
Grimmia incurva Schwägr. found at 4559 m in the Alps, Maier & Geissler, 1998). The areas
covered by Grimmia species often span at least two continents and certain species such as G.
fuscolutea Hook. and G. pulvinata are cosmopolitan (Muñoz & Pando, 2000). Grimmia
species like dry conditions and grow on rocks (Loeske, 1913; Maier, 2002a, b), most prefer
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siliceous rocks. Certain species however tolerate calcareous substrates (for example, G.
dissimulata E.Maier and G. anodon). Based on the phylogenetic results obtained in this study,
it should be possible to find different tendencies present in the geographical distribution
and/or ecological preferences of the species belonging to the clades “Rhabdogrimmia” and
“Grimmia”.
Geography:
The species which are not treated in the “World synopsis of the genus Grimmia” of Muñoz
and Pando (2000) are marked with an asterix (Fig. 6.1). Grimmia dissimulata was described
and G. meridionalis (Müll.Hal.) E.Maier raised from subgeneric to generic rank after the
publication of Muñoz and Pando (Maier, 2002a). The other two species, G. khasiana Mitt.
and G. sessitana De Not. are recognized by Maier (2002b) but they are not recognized by
Muñoz and Pando (2000). Data concerning the distribution of these four species is not as
complete as for the remaining twenty-nine.
The other species studied in this work were present, at least, in North America and in Europe
(Fig. 6.1). Among the species considered, only G. crinita Brid., G. decipiens (K.F.Schultz)
Lindb. and G. austrofunalis were absent from North America. Grimmia austrofunalis was the
only species included that was absent from Europe. Twenty eight of the thirty-three species of
Grimmia were also present in Asia. One species, G. austrofunalis, was restricted to the
southern hemisphere. In a more global context, the large proportion of Grimmia species
present in Eurasia means that this region is defined as one of two centres of diversification for
the genus, the second being North America. By comparing the large-scale geographic
distributions of species constituting the clades “Rhabdogrimmia” and “Grimmia”, no distinct
differences between the species in them were revealed. Species in both clades had similar
distribution ranges. Large-scale geographic distributions do not show any particular
phylogenetic patterns. Geographic distribution at the level of continents is very approximate.
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Figure 6.1: Tree obtained with two successive RC-weighting using rps4, trnL-trnF and morphological
characters (see chapter 3, Fig. 3.4). Bootstraps values (> 50 %) indicated in bold. Am. N. = North America, Am.
S. = South America, Afr. = Africa, Eur. = Europe, As. = Asia, Oc. = Oceania, Ant. = Antarctica, Cosm. =
Cosmopolitan. Distribution of species according to Munoz & Pando (2000), with * to Maier (2002a; 2002b).
113| Chapter 6: General discussion
An analysis at a smaller geographic scale considering a point by point geographic and
altitudinal distribution of species may reveal significant differences between the geographic
and elevation distribution ranges of the individual species constituting the two clades that are
not detected here. For example a species growing at sea-level (for example G. trichophylla
Grev.) in temperate zone would not been found at high elevation (for example G. incurva) in
the same zone (Maier & Geissler, 1995; Maier, 2002a, b). A phylogeographical study of some
Grimmia species belonging to the two clades would also help us to better understand the
distribution ranges of the species of Grimmia and would allow us to find new phylogenetic
patterns and to find differences between the two clades.
Ecology:
As mentioned before, the majority of Grimmia species grows on siliceous rocks while some
can tolerate calcareous substrates (according to Crum & Anderson, 1981; Geissler & Maier,
1995; Nyholm, 1998; Maier, 2002a, b). The tree in Figure 6.2 did not demonstrate that
tolerance of limestone was connected to either one of the two clades. Indeed, ten species
belonging to clade “Grimmia” (G. alpestris (F.Weber & D.Mohr) Schleich., G. anodon, G.
crinita, G. plagiopodia Hedw., G. orbicularis, G. pulvinata, G. tergestina Tomm. ex Bruch
and Schimp. and G. ovalis (Hedw.) Lindb., Schistidium apocarpum and Coscinodon
cribrosus) as well as three species belonging to clade “Rhabdogrimmia” (G. dissimulata, G.
lisae and G. meridionalis) can grow on calcareous substrates.
Grimmia anodon and G. crinita belong to the subgenus Gasterogrimmia with G. plagiopodia
and were close to G. orbicularis and G. pulvinata in the phylogenetic tree (Fig. 6.2). These
five species grow on calcareous substrates: Grimmia anodon has been found on concrete or
loess, G. crinita on calcareous mortar, G. plagiopodia on siliceous sediments such as
sandstone, calcareous sediments or on concrete, G. orbicularis on calcareous rocks and on
concrete, and G. pulvinata on calcareous or siliceous substrates (Crum & Anderson, 1981;
Maier & Geissler, 1995). These types of rocks are of sedimentary origin or present the same
surface characteristics. They have a granular and irregular surface which allows for the
attachment of rhizoids as seen with artificial substrates presenting the same chemical or
surface characteristics. The other species of clade “Grimmia” which tolerate limestone are not
phylogenetically close.
In clade “Rhabdogrimmia”, G. dissimulata, G. lisae and G. meridionalis tolerate calcareous
substrates. These three species are phylogenetically close and form a clade.
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Figure 6.2: Tree obtained with two successive RC-weighting using rps4, trnL-trnF and morphological
characters (see chapter 3, Fig. 3.4). Bootstraps values (> 50 %) indicated in bold. In grey: limestone tolerant
species -: Species exclusively on siliceous substrates (according to (Crum & Anderson, 1981; Maier & Geissler,
1995; Nyholm, 1998; Maier, 2002a, b).
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Species considered in this study grow in dry places, except Hydrogrimmia mollis, which is
associated with wet conditions. This species, considered by certain authors as belonging to the
genus Grimmia (for example Muñoz & Pando, 2000), is in the clade “Grimmia” and, from a
molecular point of view, belongs to the genus Grimmia. The morphological characters of H.
mollis, on the other hand, are very different from the other Grimmia. Hydrogrimmia mollis
does not possess any of xerothermophilous characters (for example strengthened nodulous or
sinuous cell-walls) present in Grimmia. Hydrogrimmia mollis is assumed to have lost the
morphological adaptations to dry conditions which are present in Grimmia and to have gained
hydrophilous characters (for example thin cell-walls).
These results show that tolerance of limestone has appeared several times in the evolution of
the genus and that it is not associated with any differentiation between the two clades
“Rhabdogrimmia” and “Grimmia”, but it is associated with small subclades present in the two
groups of species.
More detailed analysis of ecological characteristics of the nature of the substratum or of the
microclimate where the various species are growing, such as the type of rocks and their
‘granulosity’, mineral composition of the substrate, luminosity, exposition, humidity and
temperature could provide information of phylogenetic interest at the level of the various
clades, as is the case with the species of the clade “Gasterogrimmia”.
4. Intra- and interspecific variabilities in the genus Grimmia
The clades “Rhabdogrimmia” and “Grimmia” possess different levels of intraspecific (within
species) and interspecific (between species) variability. Each species belonging to
“Rhabdogrimmia” is represented by a group of chloroplast sequences trnL-trnF showing little
variability. Taxonomic concepts of ‘species’ are thus supported as these ‘species’ are
differentiated based on molecular characteristics. Every species represents a different
evolutionary lineage indicated by this strong interspecific variability based on the molecular
data for this gene region. In “Rhabdogrimmia” monoicous species (male and female on the
same plant) have rates of intra- and interspecific variabilities similar to dioicous species (male
and female on separate plants).
Species belonging to “Grimmia” have trnL-trnF sequences that are more divergent than in the
previous clade (long terminal branches) amounting to more intraspecific variability. The
present groups of sequences in “Grimmia” do not always correspond to species as described.
Interspecific variability is weaker than in the clade “Rhabdogrimmia” and the limits between
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species are also less well-defined. Contrary to the species of “Rhabdogrimmia,” monoicous
species of the “Grimmia” are generally more genetically variable than dioicous species.
Sexual reproduction of monoicous species could be more frequent than that of dioicous
species of Grimmia, a tendency observed in other genera such as Plagiothecium Bruch &
Schimp. (Hofman, 1991).
A key morphological difference between the species of the clades “Rhabdogrimmia” and
“Grimmia” is the presence of foliar-gemmae in the “Rhabdogrimmia” species (except G.
ramondii (DC.) Margad.). The production of gemmae has not been observed in species of
“Grimmia”. These are assumed to reproduce sexually and disperse by spores. The species of
“Rhabdogrimmia” behave essentially as clonal species, a hypothesis supported by the weak
intraspecific variability, whereas a higher genetic variability in the clade of “Grimmia” would
indicate a more significant level of genetic mixing between these species. Calculating the
molecular clock has also confirmed that the two clades have not the same age.
“Rhabdogrimmia” is older and has diverged earlier than “Grimmia”, as suggested previously
in this chapter. This phenomenon may also explain the differences in the genetic variability
between the two clades.
5. Morphological character evolution in Grimmia
Throughout their evolutionary history, mosses have undergone repeated morphological
reduction (Frey, 1981). Colonizing specific and particularly xeric or ephemeral habitats can
induce simplification, for example: the highly complex peristome important in spore dispersal
in mesophytic mosses consistetly appears to have no function in xerophytes and is frequently
lost altogether (Vitt, 1981).
In the genus Grimmia, reduction events have taken place. The central strand has disappeared
in some species present in both clades of “Rhabdogrimmia” and “Grimmia”. The majority of
Grimmia possess a central strand however G. hartmanii, G. ramondii have completely lost
their central strands and in G. elongata Kaulf. certain populations have lost their central
strands. Another example of morphological reduction is the loss of the peristome teeth in G.
anodon. Hair-points present in the leaves of the majority of Grimmia have reduced or
disappeared in G. atrata Hoppe & Hornsch., G. handelii Broth., G. indica, G. ramondii, G.
unicolor Hook. and G. incurva. The thick walled-cells of epidermis present in the
“Rhabdogrimmia” species (except in G. fuscolutea) have been reduced in thin walled-cells in
the “Grimmia” species. The nerve is well-differentiated in cross-section with guide-cells
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apparent in the majority of the species but Litoneuron species do have not well-developped
nerves in the apex of the leaves. Two species, G. montana and G. ramondii, have lost their
capsule stomates. Finally, in the clade “Rhabdogrimmia”, G. ramondii is the only species
without foliar-gemmae.
In this study, the phylogenetic trees permit us to reevaluate morphological characters. One
character of particular interst is the furrowed capsule. The furrowed capsule, a diagnostic
character for the subgenus Rhabdogrimmia, appears in the two clades present in the
phylogenetic trees obtained with the analyses of molecular data. The species in the clade
“Rhabdogrimmia” possess a furrowed capsule, character also present in a group of species
from the “Grimmia” clade: Grimmia pulvinata, G. orbicularis, G. elatior and G. funalis. This
character is homoplasic.
A comparative table (Table 6.1) shows the main morphological differences between the
species of the clades “Grimmia” and Rhabdogrimmia”. The character states present in
“Rhabdogrimmia” (number of character states: 17, Table 6.1) are more homogeneous than
those states present in the second clade (number of character states: 28, Table 6.1). The
“Rhabdogrimmia” species are described by the following morphological characters: leaves
are regularly developed on the stem; foliar-gemmae often present; stem epidermis cell-walls
generally thickened; laminal cells of the transition zone sinuose; leaf laminae uni- or uni and
multistratose, but never only multistratose; leaves keeled in cross-sections with rounded
nerves; nerves well-developped up to the apex; margins recurved on one side at least; joint-
thickenings (Deguchi, 1979) can be present; capsules generally exserted and furrowed; setae
curved; and calyptrae mitrate. Two character states are not present in the “Grimmia” clade
and were only differentiated in the “Rhabdogrimmia” clade: foliar-gemmae and joint-
thickenings.
The species of “Grimmia” possess less homogeneous morphological/anatomical characters
than those of “Rhabdogrimmia”. These species have their leaves developed in apical tufts or
developed regularly along the stem; they have no foliar-gemmae; the stem epidermis cell-
walls are generally non-thickened; the lamina cells are smooth or sinuose, the leaf laminae are
uni, multi- or uni- and multistratose; the leaf cross-sections are canaliculate, keeled or in W-
shape; the nerves are rounded or furrowed, well-developed to the apex or not; the margins are
plane, or recurved on one or both sides; the capsules are immersed or exserted, furrowed or
smooth, setae are straight or curved; and the calyptrae are mitrate or cucullate. Character
states such as leaves in apical tuft or cross-section canaliculate or in W-shape are only present
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in “Grimmia”. The morphological character states of these species are more diversified than
in “Rhabdogrimmia” (28 character states vs. 17).
CHARACTERS CHARACTER STATES
“Grimmia” “Rhabdogrimmia”
Apical tuft Present/Absent (2) Absent (1)
Folia-gemmae Absent (1) Generally present (1)
Stem epidermis (cell-wall) Generally non-thickened (1) Generally thickened (1)
Laminal cells (transition zone) Smooth/sinuose (2) Sinuose (1)
Laminae Uni-, bi-, uni- and multistratose (3) Uni-, uni- and multistratose (2)
Leaf cross-section Canaliculate, keeled, W-shape (3) Keeled (1)
Nerves Rounded/furrowed (2) Rounded (1)
Nerves well-developped up to
apex
Yes/ no (2) Yes (1)
Margins Plane, recurved on one or both sides (3) Recurved on one or both sides (2)
Joint-thickening Absent (1) Absent/present (2)
Capsules Immersed/exserted (2) Generally exserted (1)
Capsules Furrowed/smooth (2) Furrowed (1)
Setae Straight/curved (2) Curved (1)
Calyptrae Mitrate/cucullate (2) Mitrate (1)
Total 28 character states 17 character states
Table 6.1: Summary of the main morphological differences between the species composing the two clades
“Rhabdogrimmia” and “Grimmia” (after chapter 2), in bracket: number of different character states.
This study also facilitated the reevaluation of certain morphological characters that were
previoulsy considered as synapomorphies (such as the furrowed capsules of the subgenus
Rhabdogrimmia) and the morphological reduction in the Grimmia (such as the stem central
strand). Furthermore, it permitted the discovery of new synapomorphies (such as the foliar-
gemmae in the “Rhabdogrimmia”), and facilitate a better understanding of the complexity of
morphological/anatomical characters and their states in the Grimmia.
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6. Taxonomic implications of the results obtained in this study
The Grimmiaceae are monophyletic and morphologically well-defined. The majority of the
Grimmiaceae are xerothermophilous (Loeske, 1913) and these life conditions have influenced
their morphological evolution and homogeneity. Racomitrium species considered in this study
are distinct from the “Rhabdogrimmia” and the “Grimmia” clades. Racomitrium species are
principally defined by the morphological characters of sinuose basal cell-walls and setae not
twisted in an anti-clockwise direction (Maier, 2002b).
Grimmia is clearly paraphyletic and two main clades are present within the principal clade
containing the Grimmiaceae: “Rhabdogrimmia” (contains only Grimmia species) and
“Grimmia” (contains Grimmia, Coscinodon, Schistidium and Hydrogrimmia species). The
two clades present in this study are statistically not well-supported (cf. chapter 3).
Furthermore, as seen in the previous paragraph, morphological characters differentiating the
clades “Rhabdogrimmia” and “Grimmia” are not clearly defined. The majority of the
character states found in “Rhabdogrimmia”  are also present in “Grimmia”. The key
morphological character which distinguishes these two clades is the formation of foliar-
gemmae in the majority of the “Rhabdogrimmia” species.
Considering the homogeneity of certain morphological characters (Table 6.1) present in the
different species composing the clade “Rhabdogrimmia”, the recognition of this subgenus at
the generic level could be justified. This genus has been suggested by Churchill (1981), but
was never described. “Rhabdogrimmia” is composed of 11 species: Grimmia anomala, G.
austrofunalis, G. decipiens, G. dissimulata, G. fuscolutea, G. hartmanii, G. meridionalis, G.
muehlenbeckii Schimp., G. lisae, G. ramondii, and G. trichophylla. Grimmia torquata Hook.
ex Drumm. was generally associated with these species but is not present in the clade
“Rhabdogrimmia” in the analyses with the rps4 dataset.
The clade “Grimmia” has more polymorphic morphological characters (Table 6.1). The
genera Schistidium, Coscinodon and Hydrogrimmia are not differentiated from the Grimmia
species of this clade. Neither the morphological characters nor the molecular characters
permit the separation of them from the Grimmia. As G. plagipodia, chosen as lectotype by
Mårtensson (1956), belongs to the “Grimmia” clade, the name Grimmia should be conserved
for this group of species. Two subgenera are differentiated within “Grimmia”: Litoneuron and
Gasterogrimmia. These subgenera are morphologically well-defined, but have low support in
the molecular datasets. Litoneuron species (G. khasiana, G. laevigata, G. ovalis, G. tergestina
and G. unicolor) are defined by a multistratose lamina, a nerve weakly visible in the leaf apex,
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4 guide-cells at mid-leaf, and more than 6 guide-cells at leaf insertion. Gasterogrimmia
species (G. anodon, G. crinita, and G. plagiopodia) are principally defined by an ovate
capsule and a unistratose leaf lamina.
A new classification for the Grimmiaceae is proposed in the Table 6.2.
It is premature to publish the proposed classification ( Table 6.2), since the different
phylogenetic in the molecular analyses were not supported. Deepened molecular studies are
required to assess this proposed classification. Finding new molecular markers could provide
new trees with better statistical support, and permit a better understanding of the
morphological evolution in the “Grimmia” clade. Furthermore, before publishing this
classification it is important to make a more complete molecular study including as many
species as possible from the genera Coscinodon and Schistidium. It is also premature to
reduce these genera into synonymy with Grimmia after having considered only one
representative each for these two genera.
Table 6.2: Suggestion for a classification for the Grimmiaceae
Family Grimmiaceae fam. Arn.
Genus Racomitrium Brid.
Genus “Rhabdogrimmia”
Genus Grimmia Hedw. (containing, species of Grimmia, and the genera Coscinodon
Spreng., Schistidium Brid. and Hydrogrimmia (I.Hagen) Loeske).
Subgenus Litoneuron I.Hagen
Subgenus Gasterogrimmia Schimp.
Subgenus Schistidium (Spreng.) Schimp.
Subgenus Coscinodon (Brid.) G.N.Jones
Subgenus Hydrogrimmia I.Hagen
Subgenus Grimmia (Hedw.) Schimp. (contains the remaining species of the
clade)
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7.1 Conclusions
To date, most of the phylogenetic studies concerning bryophytes, and which used a
combination of morphological/anatomical and molecular characters, were interested in
phylogenetic relationships in the systematic level of family or order (i.e. Bartramiaceae,
Virtanen, 2003; Amblystegiaceae, Vanderpoorten et al., 2002). Phylogenetic relationships
between species belonging to a genus of mosses were generally based on morphological
/anatomical characters only (i.e. La Farge, 1998; Pederson, 2000; Pederson & Hedenäs,
2002). The originality of this work lies in the fact that it is one of the first concerning mosses
which interested in the phylogenetic study at the level of a genus by using a combination of
morphological/anatomical and molecular characters. We studied systematic relationships in
Grimmia Hedw. using species that had been clearly defined by numerous morphological
studies (i.e. Geissler & Maier, 1995 Maier, 2002a, b).
This work based on a combination of morphological/anatomical characters confirms us the
hypothesis of the monophyly of the family of the Grimmiaceae due to the use of a
combination of morphological/anatomical and molecular characters.
The genus Grimmia is paraphyletic. Indeed, the genera Coscinodon Spreng., Hydrogrimmia
(I.Hagen) Loeske and Schistidium Brid., as defined in the literature are not clearly
differentiated from the species of Grimmia inside the Grimmiaceae, whereas the genus
Racomitrium Brid. stands out from the other Grimmiaceae.
A clade including the species of Grimmia belonging to the subgenus Rhabdogrimmia Limpr.
stands out whereas the species of remaining Grimmia  and the species of Coscinodon
cribrosus (Hedw.) Spruce, of Schistidium apocarpum s.l., and Hydrogrimmia mollis (Bruch &
Schimp.) Loeske regroup in a terminal poorly defined clade (“Grimmia”). The species of the
two main clades have a similar geographic distribution on the scale of the continents and
occupy similar ecological niches.
The species of the clade “Rhabdogrimmia” are however characterized by the production of
foliar-gemmae (asexual reproduction), character absent in the species of the clade “Grimmia”.
In the “Rhabdogrimmia,” trnL-trnF sequences are not very variable within the species and
correspond to our species concepts. The species of the clade “Grimmia” show a high
intraspecific variability and weak interspecific variability. It has been shown with a molecular
clock test, that the species of the clade “Rhabdogrimmia” have diverged earlier and are older
then the species of the clade “Grimmia”. A difference of divergence time combined to an
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evolution towards a strategy of asexual reproduction in the “Rhabdogrimmia” could explain
the weak genetic variability observed inside a species.
This study showed that chloroplast markers (trnL-trnF and rps4) are more adapted to a
phylogeny at the level of the family (maximum support for the Grimmiaceae). Phylogenetic
relationships among and inside the two clades “Rhabdogrimmia” and “Grimmia” are
statistically weakly supported because of the low variability in the chloroplast sequences used.
The nuclear sequence (ITS) had inter- and intra-individual variability that was too high to be
used in reconstructing a phylogeny at the level of the genus. The conclusions of this study did
not allow taxonomic decisions at the level of observed clades (“Rhabdogrimmia” and
“Grimmia”) to be made.
7.2 Perspectives
This work can be completed at several different levels.
a) Nuclear markers present in a single copy and more easily interpretable than ITS sequences
(such as Adh), or more variable chloroplast sequences (such as trnS-trnG) would allow for
the increased resolution of phylogenetic relationships between species.
b) Phylogenetic relationships between genera Schistidium, Coscinodon, Racomitrium and
Grimmia, could be deepened by including new species. To sample in a representative way,
each of the genera included in the Grimmiaceae would allow better systematic resolution
of the family and maybe also better resolution of relationships at the generic and
infrageneric level.
c) Intraspecific variability present in the two clades “Rhabdogrimmia” and “Grimmia” could
be studied in more detail by increasing the number of samples analyzed per species and by
finding a more variable molecular marker (cf. paragraph a).
d) To detail the distribution areas of the species forming the clades “Rhabdogrimmia” and
“Grimmia” in a much more precise scale than the continents, as well as their ecological
preferences (for example: precise type of substrata on which they develop) would
introduce supplementary information in the phylogenetic analysis of species of Grimmia.
e) A phylogeographic study in some Grimmia species would allow for the study of the
distribution of the genetic variability globally. The selection of species differing by their
strategy of reproduction (for example G. pulvinata (Hedw.) Sm., monoicous, G .
muelenbeckii Schimp., dioicous, and G. hartmanii Schimp., asexual only) would bring new
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data on the influence of the reproduction at the level of the genetic variability of these
species.
f) Studies are necessary to better understand the evolution mode of ITS sequences, complex in
the Haplolepidae, which the Grimmiaceae belongs to, to be able to use this marker in
phylogenetic studies.
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GLOSSARY (after « Glossarium polyglottum bryologiae » Magill, 1990)
Amphithecium (pl. amphithecia): the outer part of the embryonic capsule that gives rise to
all tissues from the epidermis to the outer spore sac.
Annulus (pl. annuli): in stegocarpous mosses a zone of variously differentiated cells between
the capsule urn and operculum, facilitating opening of the capsule (Fig. 2.39).
Antherozoid: spermatozoid.
Apical tuft: a tuft of leaves at tip of stem or branch.
Calyptra (pl. calyptrae): a membranous covering of haploid tissue over the developing
sporophyte, derived largely from the archegonial venter. The venter generally ruptures near
the base, is carried upward by elongation of the seta, and frequently expands to form a
protective covering over the capsule.
Canaliculate: channeled (lengthwise) (Fig. 2.25).
Columella: the central, steril tissue in the sporogenous region of a capsule.
Cucullate: hooded or hood-shaped ; a calyptra split along one side only.
Diplolepidous (diplolepideous): form of arthrodontous peristome; (originally) having main
teeth with two columns of cells up dorsal face.
Elater (pl. elateres): a differentiated elongate cell, dead at maturity and normally with one to
three helicoidal wall thickenings, found interspersed among the spore mass in most liverwort
capsules; function: to break up and subsequently help disperse the spores.
Exserted: projecting and exposed, here: capsules held clear of the tips of perichaetial leaves
Gametophyte: the haploid, sexual generation, bearing archegonia and/or antheridia.
Haplolepidous (haplolepideous): form of arthrodontous peristome; (originally) having main
teeth formed from a single column of cells up dorsal face.
Hyaline: colorless or transparent.
Hydroid: tracheid-like conductive cell in the central strand of some bryophytes, sometimes
also in the costa.
Keeled: sharply folded along the middle, like the keel of a boat, V-shaped in cross-section
(Fig. 2.23).
Lamina (pl. laminae): parallel photosynthetic ridges or plates along a leaf blade or costa.
Mammilla (pl. mammillae): strongly bulging surface of a cell, also used for various hollow
papilla-like protuberences without associated local wall thickening.
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Mitrate: conic and undivided (similar to bishop’s mitre) or equally lobed at base, referring to
calyptrae.
Nodulose (cell wall): with short knob-like thickenings (Fig. 2.16).
Operculum (pl. opercula): the lid covering the mouth of most moss capsules, usually
separated from the mouth by an annulus to open the capsule.
Papilla (pl. papillae): cell ornementation, a solid microscopic protuberance.
Perichaetium (pl. perichetia): the gynoecium; strictly the ensheathing cluster of modified
leaves (bracts, bracteoles) and perianth, if present, enclosing the archegonia.
Periclinal: a plane division parallel to the surface ; applied to a cell division that is parallel to
a structure.
Peristomial cylinder: the three innermost layers of amphithecal tissue in the arthrodontous
moss capsule that produce the peristome. The innermost or inner peristomial layer is
proximally continuous with the outer spore sac; the middle and outer layers represent the
primary and outer peristomial layers, respectivally.
Protonema (pl. protonemata): a filamentous, globose or thalloid structure resulting from
spore germination and including all stages of development up to the production of one or
more gametophores.
Pseudoelater (pl. pseudoelateres): false elater, the univellular or multicellular sterile cells of
the hornworts developed after a few mitotic divisions and subsequent differentiation of
diploid elaterocytes.
Recurved: curved downward (abaxially) and inward.
Rhizoid: hair-like structure that function in absorption and anchorage.
Sinuose (cell wall): wavy, as in intracellular wall thickening of Racomitrium.
Spore sac: layer(s) of cells lining the inside and outside of the archesporium.
Sporophyte: the spore-bearing generation ; initiated by the fertilization of an egg; remaining
attached to the gametophyte and partially dependent on it.
Urn: spore bearing portion of a capsule.
Bibliographie
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Grimmia alpestris (F.Weber & D.Mohr) Schleich. alpestris Gümbelia sect. II alpestris Gümbelia alpestris Gümbelia, sect. G. 
montanae
alpestris Gümbelia alpestris alpestris alpestris alpestris, 
Gümbelia
alpestris alpestris Sect.IV Guembelia 
subsect.2 Sulcatae
Grimmia anodon Bruch & Schimp. anodon Gasterogrimmia sect.I anodon anodon Gastrogrimmia S. anodon S. anodon anodon anodon anodon Grimmia anodon anodon Sect.I Grimmia
Grimmia anomala Hampe ex Schimp. anomala ?? anomala Rhabdogrimmia anomala Rhabdogrimmia sekt. 
G. trichophyllae
anomala Rhabdogrimmia hartmanii ssp anomala hartmanii ssp 
anomala




Grimmia atrata Hoppe & Hornsch. atrata Gümbelia sect. III D. atratus atrata Streptocolea atrata Ovatae D. atratus atrata atrata atrata Guembelia atrata atrata Sect.V Atratae
Grimmia austrofunalis Müll. Hal. - austrofunalis Gümbelia sekt. G. 
funales
Grimmia caespiticia (Brid.) Jur. sulcata?? Gümbelia sect. II caespiticia Gümbelia G. alpestris var. mutica Gümbelia sekt. G. 
montanae
alpestris var. mutica Gümbelia caespiticia caespiticia caespiticia caespiticia Sect.IV Guembelia 
subsect.2 Sulcatae
Grimmia crinita Brid. crinita Gasterogrimmia sect.II crinita Gasterogrimmia mesopotamica, crinita Gümbelia sekt. G. 
ovales, gastrogrimmia
crinita crinita crinita crinita crinita
Grimmia decipiens (K.F.Schultz) Lindb. schultzii (?) Grimmia sect. II decipiens Rhabdogrimmia decipiens Rhabdogrimmia sekt. 
G. trichophyllae
decipiens Rhabdogrimmia decipiens decipiens decipiens Rhabdogrimmia decipiens decipiens Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia dissimulata E.Maier - - - - - - -
Grimmia donniana Sm. donniana Gümbelia sect. I doniana, arenaria, 
ganderi, triformis
Grimmia doniana Gümbelia sekt. G. 
ovales
doniana Gümbelia doniana doniana doniana donniana Guembelia donniana doniana Sect.IV Guembelia 
subsect.3 donianae
Grimmia elatior Bals. & De Not. elatior Grimmia sect. II elatior Rhabdogrimmia elatior Rhabdogrimmia sekt. 
G. trichophyllae
elatior Rhabdogrimmia elatior elatior elatior Bruch & 
Schimp.
elatior Rhabdogrimmia elatior elatior Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia elongata Kaulf. elongata Gümbelia sect. III elongata Grimmia elongata Gümbelia sekt. G. 
ovales
elongata Ovatae elongata elongata elongata elongata Guembelia elongata elongata Sect.IV Guembelia 
subsect.3 donianae
Grimmia funalis (Schwägr.) Bruch & Schimp. funalis Grimmia sect. II funalis Rhabdogrimmia funalis Gümbelia sekt. G. 
funales
funalis Torquatae funalis funalis funalis funalis Rhabdogrimmia funalis funalis Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia fuscolutea Hook. apiculata Grimmia sect. II apiculata, holleri Grimmia apiculata, fusco-lutea Gümbelia sekt. G. 
ovales
apiculata Ovatae apiculata apiculata apiculata Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia handelii Broth. -
Grimmia hartmanii Schimp. hartmanii Grimmia sect. II D. hartmanii - hartmanii Rhabdogrimmia sekt. 
G. trichophyllae
hartmanii Rhabdogrimmia hartmanii hartmanii hartmanii Rhabdogrimmia hartmannii hartmanii Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia incurva Schwägr. incurva Grimmia incurva Rhabdogrimmia sekt. 
G. trichophyllae
incurva Rhabdogrimmia incurva incurva incurva incurva Rhabdogrimmia incurva incurva Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia indica (Dixon & P.De la Varde) Goffinet & 
Greven
- -
Grimmia khasiana Mitt. - -
Grimmia laevigata (Brid.) Brid. leucophea Gümbelia sect. I leucophea Grimmia leucophea Litoneuron leucophea Litoneuron leucophea campestris laevigata Guembelia laevigata laevigata Sect. III Litoneuron
Grimmia lisae De Not. - Rhabdogrimmia lisae Rhabdogrimmia sekt. 
G. trichophyllae
trichophylla ssp. lisae Rhabdogrimmia
Grimmia longirostris Hook. ovata var. affinis Gümbelia sect. I ovata Grimmia ovata, longirostris Gümbelia sekt. G. 
ovales
ovata v. affinis Ovatae ovata ovalis?? affinis affinis, Guembelia ovalis ovalis Sect.V Atratae
Grimmia macrotheca Mitt. -
Grimmia mammosa C.H.Cao &T. Cao -
Grimmia meridionalis (Müll.Hal.) E.Maier -
Grimmia montana Bruch & Schimp. montana Gümbelia sect. II montana Gümbelia montana Gümbelia sekt. G. 
montanae
montana Gümbelia montana montana montana Guembelia montana montana Sect.IV Guembelia 
subsect.1 Montanae
















Grimmia orbicularis Wilson orbicularis Grimmia sect. I orbicularis Rhabdogrimmia orbicularis Rhabdogrimmia sekt. 
G. trichophyllae
orbicularis Pulvinatae orbicularis orbicularis orbicularis Rhabdogrimmia orbicularis
Grimmia ovalis (Hedw.) Lindb. commutata Gümbelia sect. II commutata Grimmia ovalis Gümbelia sekt. G. 
ovales
ovata Ovatae commutata commutata ovalis ovalis Guembelia commutata commutata Sect. III Litoneuron
Grimmia percarinata (Dixon & Sakurai) Deguchi - Guembelia
Grimmia pilifera P.Beauv. Guembelia
Grimmia plagiopodia Hedw. plagiopodia Gasterogrimmia sect.II plagiopodia Gasterogrimmia plagiopodia Gastrogrimmia S. plagiopodium plagiopodia plagiopodia plagiopodia Grimmia plagiopodia plagiopodia Sect.I Grimmia
Grimmia pulvinata (Hedw.) Sm. Grimmia sect. I pulvinata Rhabdogrimmia pulvinata Rhabdogrimmia sekt. 
G. trichophyllae
pulvinata Pulvinatae pulvinata pulvinata pulvinata Rhabdogrimmia pulvinata pulvinata Sect.VI Rhabdogrimmia 
Subsect.1 Pulvinatae
Grimmia ramondii (Lam. & DC.) Margad. D. patens patens Rhabdogrimmia sekt. 
G. trichophyllae
patens Rhabdogrimmia patens R. patens D. patens patens patens Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia sessitana De Not. sessitana, subsulcata Grimmia alpestris var. 
sessitana
Gümbelia sekt. G. 
montanae
alpestris f. sessitana Gümbelia sessitana alpestris var. 
sessitana
sessitana sessitana Sect.IV Guembelia 
subsect.3 donianae
Grimmia teretinervis Limpr. S. teretinerve S. teretinervis S. teretinervis teretinervis teretinervis
Grimmia tergestina Bruch & Schimp. tergestina Gümbelia sect. I tergestina Grimmia tergestina Litoneuron tergestina Litoneuron tergestina tergestina tergestina Sect. III Litoneuron
Grimmia torquata Hook. & Drumm. torquata Grimmia sect. II torquata Rhabdogrimmia torquata Rhabdogrimmia sekt. 
Torquatae
torquata Torquatae torquata torquata torquata Hornsch. torquata Rhabdogrimmia torquata torquata Sect.VI Rhabdogrimmia 
Subs.II Trichophyllae
Grimmia trichophylla Grev. trichophylla Grimmia sect. II trichophylla Rhabdogrimmia trichophylla Rhabdogrimmia sekt. 
G. trichophyllae
trichophylla Rhabdogrimmia trichophylla trichophylla trichophylla Rhabdogrimmia trichophylla trichophylla
Grimmia unicolor Hook. unicolor Gümbelia sect. III unicolor Grimmia unicolor Litoneuron unicolor Litoneuron unicolor unicolor unicolor unicolor Guembelia unicolor Sect. III Litoneuron
Outgroup G. pitardii Litoneuron
Campylostelium pitardii (Corb.) E.Maier pitardii Gastrogrimmia
Coscinodon cribrosus (Hedw.) Spruce C. cribrosus - C. cribrosus C. cribrosus Coscinodon C. cribrosus C. cribrosus
Hydrogrimmia mollis (Bruch & Schimp.) Loeske mollis Gümbelia sect. II G. mollis Gümbelia mollis Hydrogrimmia H. mollis H. mollis Hydrogrimmia - mollis Sect. II Hydrogrimmia
Ptychomitrium polyphyllum (Sw.) Bruch & Schimp. P. polyphyllum P.
Racomitrium aciculare (Hedw.) Brid. R. aciculare?? - Rh. Aciculare Rh. Rh. Aciculare R. aciculare








Index of studied specimens
Samples originate from Conservatoire et Jardin Botaniques de la Ville de Genève herbarium
(G), and the personal herbarium of Streiff (Hb. Streiff).
*species with sample number lower than three.
Ingroup specimens
1. Grimmia alpestris (F.Weber & D.Mohr) Schleich., Switzerland. Valais: Finhaut, Emosson,
Sur les Conches, 1980 m, 30.04.1999, Maier s.n. (Hb. Maier); Spain. Granada: Sierra
Nevada, 2400 m, 13.4.1972, Geissler 0632 (G); Austria. West Tirol, Matrei, 2330 m,
4.9.1998, Maier 11689 (G).
2. Grimmia anodon Bruch & Schimp., Switzerland. Valais: Fully, Branson, 11.03.1999,
Maier s.n. (G); Egypt. Sinai: 1830 m, 16.03.1996, Lübenau s.n. (G); Italy. Trentino: Lago di
Ledro, 1580-1480 m, 25.06.2001, Maier s.n. (G).
3. Grimmia anomala Hampe ex Schimp., Switzerland. Valais: Ried, Riederfurka, Stockfluh,
1830 m, 23.09.1998,  Maier s.n. (G); Austria. Tirol: Stubaier Alpen, oberes Sellraintal bei
Kühtai, 2050 m., 4.8.1996, Schäfer-Verwimp 18136 (G); Switzerland. Valais: Finhaut,
Fenestral, 1820 m, 20.07.1994, Maier  9239 (G).
4. Grimmia atrata Hoppe & Hornsch., Austria. Salzburg: Gastein, Nassfeld, 1940 m,
12.07.1994, Maier  9505 (G); India. Sikkim: West District Glacial Lake, 4650 m,
15.07.1992, Long 22611 (G); Norway. Vorstigen: 1050 m, 7.7.1991, Lübenau 6139 (G).
*5. Grimmia austrofunalis Müll.Hal., Bolivia. La Paz: Inquisivi, 4200 m, 1.10.1997,
Heinrichs 4133 (G); Bolivia. La Paz: Nor Yungas, 3690 m, 13.11.1999, Price 1343 (G).
*6. Grimmia caespiticia (Brid.) Jur., Switzerland. Bern: Guttanen, N-Ufer Grimselsee, 1940
m, 15.08.1987, Maier 2156 (G); Switzerland. Valais: Finhaut, Sur les Conches, 1940 m,
20.07.1994, Maier 9231 (G).
7.  Grimmia crinita Brid.,  Syria. Rezata: 300 m., 6.06.1998, Lübenau SY20 (G);
Switzerland. Vaud: Epesse, 380 m, 10.2.1997, Maier s.n. (G); Germany. Baden-
Württemberg: Ravensburg, St-Christina, 7.5.1996, Maier s.n. (G).
8. Grimmia decipiens (K.F.Schultz) Lindb., Switzerland. Valais: Salvan, Les Planards, 850
m, 26.05.2001, Streiff 149 (Hb. Streiff); France. Corse: Porto, Tête de Chien, ~400 m,
11.5.1998, Streiff 58 (Hb. Streiff); Germany. Mosel-Eifel: 150 m-180 m, 1.03.1997, Düll
s.n. (G).
*9. Grimmia dissimulata E.Maier, Greece. Rhodes: Profitis Ilias, 480 m, 1.4.1997, Lübenau
s.n. (Hb. Lübenau); Switzerland. Vaud: Rivaz, 375 m, 6.3.1996, Maier 10489 (G).
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10. Grimmia donniana Sm., Switzerland. Grisons: between Lavin and Chamanna Linard,
1710 m, 4.7.2001, Streiff 117 (Hb. Streiff); Switzerland. Valais: Finhaut, Emosson, Sur les
Conches, 1980 m, 30.06.1999, Maier s.n. (G); Germany. Baden-Württemberg: Bad
Rippoldsau, 520 m, 25.06.1998, Maier 11438 (G).
11. Grimmia elatior Bals.-Criv. & De Not., Switzerland. Valais: Vernayaz, 500 m,
26.05.2001, Maier s.n. (G); Pakistan. Baltistan, Rupal Valley, 2980- 3200 m, 8.7.1999,
Peter 2098 (G); Russia. Central Caucasus: Distr. Tyrnyauz, 1800- 2000 m, 23.6.1980 Vasak
s.n. (G).
12. Grimmia elongata Kaulf., Austria. Tirol: Stubaier Alpen, Falbesontal, 2320 m, 5.8.1998,
Dürhammer s.n. (G); Bolivia. La Paz: Inquisivi, Mina Poldi, 4360 m, 1987, Lewis 87-875
(G); Switzerland. Obwald: Engelberg, Laubersgrat, 2000 m, 20.06.1996, Maier G21 (G).
13. Grimmia funalis (Schwägr.) Bruch & Schimp., Switzerland. Valais: Salvan, La Médettaz,
22.4.1998, Maier 11390 (G); Turkey. Aj Trabzon: 2200 m, 7.8.1993, Sauer A35 (G);
Iceland. Grahraun bei Hraunfossar, 21.7.1973, Frahm s.n. (G).
14. Grimmia fuscolutea Hook., China. Diging Prefecture: 4450 m, 5.6.1993, Long 24065 (G);
Venezuela. Est. Merida: Picco del Espejo, 4765 m, 19.01.1990, Lübenau v 241 (G);
Switzerland. Valais: Zermatt, 2890 m, 11.9.1987, Geibel 315 (G).
*15. Grimmia handelii Broth., China. Yunnan: Yulong Shan, 2810 m, 8.10.1990, Long
18930 (G); Nepal, W bank of Ghunsa Khola, 4050 m, 9.9.1989, Long 16783 (G).
16. Grimmia hartmanii Schimp., Switzerland. Valais : Vernayaz, Gorges de Salvan, 700 m,
26.05.2001, Streiff 152 (Hb. Streiff); Bulgaria, Rhodopen: Pamporovo, 26.9.1974, Siegel
s.n. (G); Sweden. Skovbaek: 13.9.1953, Holmen s.n. (G).
17. Grimmia incurva Schwägr., Switzerland. Grisons: Davos, Joriflüelafurgge, 2700 m,
19.8.1998, Maier 11596 (G); Switzerland. Tessin: Quinto, Piora, 2250 m, 1993, Stofer &
Bergamini 8498 (G); Italia. Südtirol: Kurzras, 2800-3200 m, 6.07.1984, Van Malick s.n.
(G).
*18. Grimmia indica (Dixon & P.de la Varde) Goffinet & Greven, Nepal. N bank of Simbua
Khola below Tseram, 3300 m, 21.09.1989, Long 17120 (G).
19. Grimmia khasiana Mitt., USA. Arizona: Huacha Mountain, Sierra Vista, Scheelite
Canyon, 1950 m, 28.4.1999, Lübenau s.n. (G); China. Yunnan: Diqing prefecture, 3080 m,
8.06.1993, Long 24137 (G); Bhutan, Kunga Rabeng Dzong, 1900 m, 22.6.1972, Würmli
s.n. (G).
20. Grimmia laevigata (Brid.) Brid., Switzerland. Grisons: Lavin, 1560 m, 3.7.2001, Streiff
110 (Hb. Streiff); France. Corse: Seaside, Calanches, 0 m, 10.5.1998, Streiff 56 (Hb.
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Streiff); Tanzania. Moshi District: Kilimanjaro Mts, 15.6.1988, 2780- 2850 m, Pocs,
Ochyra & Bednarek-Ochyra 88124/A (G).
21. Grimmia lisae De Not., France. Corse: Porto, Tête de Chien, ~400 m, 11.05.1998, Streiff
70 (Hb. Streiff); USA. California: Berkeley, Founder Rock, Campus of University, 2.2.2000,
Streiff  27 (Hb. Streiff); Portugal. Azoren: São Miguel, 500 m, 14.7.2001, Lübenau s.n. (G).
22. Grimmia longirostris Hook., Switzerland. Grisons: Lavin, Cushinai, ~1550 m, 3.07.2001,
Streiff 105 (Hb. Streiff); Bolivia. Cochabamba: Tapacari, 19.11.1999, 4330 m, Price 1540
(G); Germany. Bayern: Cham, 1292 m, 19.06.1996, Meinungen s.n. (G).
*23. Grimmia macrotheca Mitt., China. Yunnan: Zhongdian (Chungtien) District, 3360 m,
26.09.1990, Long 18556 (G).
24. Grimmia mammosa C.H.Cao & T.Cao, China. Yunnan: Yulong Shan, 2790 m,
8.10.1990, Long 18928 (G); Nepal. Ghunsa Khola, 3330 m, 7.9.1989, Long 16698 (G);
Bhutan. Byakar Dzong Bamtang Chu, 2780 m, 10.6.1979, Long 8296 (G).
*25. Grimmia meridionalis (Müll.Hal.) E.Maier, France . Corse: Calanches, 150 m,
10.5.1998, Streiff 55 (Hb. Streiff); Germany. Rheinland-Pfalz.: Nadelberg, 380 m,
12.4.1996, Maier s.n. (G).
26. Grimmia montana Bruch & Schimp., Switzerland. Valais: Salvan, 940 m, 26.5.2001,
Maier s.n. (G); USA. Oregon: Jefferson County, Crooked River National Grassland,
10.8.2000, 725 m, Price 1784 (G); Spain. Canary Islands: E picos de los Nieves, 1910m,
28.12.1999, Schüm & Schwarz 5150 (G).
27. Grimmia muehlenbeckii Schimp., Switzerland. Grisons: between Lavin and Chamanna
Linard, 1780 m, 4.07.2001, Streiff 119 (Hb. Streiff); France, Haute-Corse, Castifao, 1180
m, 29.5.1979, Geissler 6695 (G); Sweden. Vestergötland: 26.7.1869, Grönlund s.n. (G).
28. Grimmia orbicularis Wilson, Switzerland. Grisons: Lavin, 1420 m, 5.07.2001, Streiff s.n.
(Hb. Streiff); Switzerland. Genève: Confignon, 12.03.1999, Maier s.n. (G); France.
Languedoc-Roussillon: Pas-de-l’Escale, ~270 m, 2.06.2001, Streiff 164 (Hb. Streiff).
29. Grimmia ovalis (Hedw.) Lindb., Switzerland. Valais: between Finhaut and Le Trétien,
22.04.1999, Maier 11378 (Hb. Streiff); Maroc. Djebel Hebri, 2100 m, 4.4.2002, Vittoz 166
(Hb. Streiff); Ethiopia. Province Wollo: Hochplateau W. Dilbe, 3500 m, 18.04.2000,
Lübenau s.n. (G).
30. Grimmia percarinata (Dixon & Sakurai) Deguchi, India. Sikkim: West District, Bikbari,
3910 m, 12.07.1992, Long 22545 (G), Nepal. Sankhuwasabha District: Pemathang Kharka,
3400 m, 28.9.1991, Long 20720 (G); Bhutan. Thimphu District, 3900 m, 16.4.1982, Long
10896 (G).
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31. Grimmia pilifera P.Beauv., USA. Arizona: Huachuca-Mountains, Sierra Vista, 24.4.1999,
Lübenau 1902 (G); Canada. Ontario: Wanapitei River, 28.7.1986, Ireland 22270 (G);
Japan. Kyushu: Miyazaki-ken, 250 m, 6.3.1998, Deguchi 107 (G).
32. Grimmia plagiopodia Hedw., Germany. Gotha: Burg Gleichen, 06.1999, Geissler, s.n.
(G); USA. Arizona: 04.1999, Lübenau s.n. (G); France. Puy-de-Dôme: Perrier, près de
Clermont, 23.5.1999, Skrzypczak 99189 (G).
33. Grimmia pulvinata (Hedw.) Sm., Switzerland. Vaud: ca. 400 m, Dorigny, Lausanne,
22.02.2002, Streiff s.n. (Hb. Streiff); Switzerland. Grisons: Lavin, 1420 m, 5.7.2001, Streiff
s.n. (Hb. Streiff); USA. California: Berkeley, Founder Rock, Campus of University,
2.02.2000, Streiff 26 (Hb. Streiff).
34. Grimmia ramondii (Lam. & DC.) Margad.; Switzerland. Valais: Ried, Riederfurka, 1850
m, 22.8.1997, Maier 11228 (G); USA. Oregon: Linn County, Willamette National Forest,
11.8.2000, Price 1805 (G); Germany. Bayern: Schmalseeöhe, 980 m, 12.10.1984, Lotto
11790 (G).
35. Grimmia sessitana De Not., Switzerland. Grisons: between Lavin and Chamanna Linard,
1910 m, 4.7.2001, Streiff 120 (Hb. Streiff); Switzerland. Valais: Finhaut, Emosson, Sur les
Conches, 1980 m, Maier s.n. (G); UDSSR. Kabardino-balkarische Republik: 2500 m,
7.8.1985, Schäfer-Verwimp 21509 (G).
36. Grimmia teretinervis Limpr., Italy. Trentino: Lago di Ledro. Passo Nota, ~1580 m,
25.6.2001, Maier s.n. (G); Canada. Ontario: Thunder Bay District, Ouimet Canyon,
19.8.1971, Ireland 15497 (G); Slovakia. Martinské hole: 1400 m, 7.1951, Pilous 1341 (G).
37. Grimmia tergestina Bruch & Schimp., Switzerland. Valais: Salvan, 790 m, 25.06.2000,
Maier s.n. (G); Yemen. Sanaa: 2750 m, 25.10.1995, Lübenau s.n. (G); France. Roussillon:
Pyrénées, Vallée de la Sègre, above Llo, 1400m, 6.06.2001, Streiff 165 (Hb. Streiff).
38. Grimmia torquata Hook. & Drumm., Switzerland. Valais: Simplon, 1250 m, 28.8.1998,
Maier 11669 (G); Finland. Lappland: Utsjoki, 90 m, 2.8.1984, Hegewald 10369 (G);
Germany. Rhld-Pflaz.: Niederalben, 230 m, 18.3.1996, Maier 10300 (G).
39. Grimmia trichophylla Grev., France. Corse: Porto, Tête de Chien, 400m, 11.05.1998,
Streiff 73 (Hb. Streiff); Greece. Naxos: 1996, Martin Nebel 171 (G); Germany. Sachsen:
Westerzgebirge, 27.3.1982, Siegel s.n. (G).
40. Grimmia unicolor Hook., Switzerland. Valais: between Finhaut and Le Trétien, 1310 m,
22.04.1999, Streiff 23 (Hb. Streiff); Austria. East Tirol:  Matrei, Tavernbach, 1700 m,




*42. Campylostelium pitardii (Corb.) E.Maier. (= Grimmia pitardii Corb.), Spain. Canary
Islands: La Palma, 9.12.1978, Long 7539 (G).
*43. Coscinodon calyptratus (Hook. in Drum.) Kindb., USA. Arizona: Vicinity of Flagstaff,
Grand Canyon, oct. 1997, Price 798 (G), Canada. British Colombia: Okanagan Valley.
Okanagan Falls, 28.4.1988, Hedderson 5659 (G).
44. Coscinodon cribrosus (Hedw.) Spruce, Switzerland. Valais: between Finhaut and Le
Trétien, 1310 m, 22.4.1998, Maier 11377 (G); Czech Republic: Böhmen Sumava mts, 1250
m, 12.6.1994, Kucera s.n. (G); Austria. Tirol: St. Anton/Arlberg, 7.8.1927, Koppe 10252
(G).
45. Hydrogrimmia mollis (Bruch & Schimp.) Loeske, Switzerland. Valais: Combe d’Orny,
2400 m, 29.07.1998, Streiff 18 (Hb. Streiff); Canada. Labrador: Torngat Mountains, MGR
MA 454526, 800-1250 m, 19.08.1986, Hedderson 5015 (G); Bulgaria. Rila Mountain,
9.1967 Siegel s.n. (G).
*46. Ptychomitrium crispatum (Hedw.) Jaeg., Tanzania. Longido Hill: in Masai District,
above Longido village, 1900-2000 m, 16.6.1989, Pocs & Nsolomo 89192/G (G).
*47. Ptychomitrium polyphyllum (Sw.) Bruch &  Schimp., Switzerland. Valais: Salvan, 710
m, 19.4.1997,  Maier s.n. (G); France. Haute-Saône: Corravillers, 460 m, 6.10.1986, Frahm
(G).
48. Racomitrium aciculare (Hedw.) Brid., Switzerland. Valais: Salvan, Les planards, 850 m,
26.05.2001, Streiff 146 (Hb. Streiff); France. Ardennes: Monthermé, 27.11.1982,
Bruynseels s.n. (G); Poland. West Carpathians : Silesian Beskid, 22.9.1986, Jedrzejko & al.
267 (G).
49. Racomitrium crispulum (Hook.f. & Wilson) Hook.f. & Wilson. New Zealand. South
Island: Mt. Cook National Park, Tasman River Valley Track to Wakefield Waterfall,
19.12.1981, Vitt 29457 (G), Ecuador. Prov. Pichincha: Old Road from Quito to Santo
Domingo de los Colorados, between Chillogallo and Chiriboga, 3250 m, 15.9.1982, Steere
& Balslev 25506 (G), Bolivia. Depto La Paz: Prov. Murillo: Cumbre de La Paz, ca. 4650 m,
7.3.1988, Lewis 88-014 d-1 (G)
50. Schistidium apocarpum s.l., Switzerland. Vaud: Vevey, 360m, 19.3.1999, Streiff 46 (Hb.
Streiff); Switzerland. Genève: Bernex, Sézenove, 445 m, 24.5.2001, Maier s.n. (G); Italy.
Trentino: Lago di Trentino, 730 m, 24.4.2001, Maier s.n. (G).
*51. Scouleria aquatica Hook., Canada. British Columbia: Skagit Valley Prov. Park ca. 170
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km E of Vancouver, 250 m, 6.7.1989, Frahm 895061 (G), Canada. British Columbia: Green
River Nairn Falls, just S. of Pemberton, 2.10.1971, Schofield & Zales 47244 (G).
1Appendix 4 : Figures of morphological characters
List of figures illustrating the morphological characters considered in the chapter 2
t.s. = transverse section
t.z. = transition zone
m.p. = median position
Images 4.1-4.3 P. Geissler, CJB Genève
Images 4.4-4.40 A. Streiff
Scales: 4.4, 4.7, 4.9, 4,17, 4.22, 4.23, 4.30, 4.32, 4.33, 4.36, 4.39: 0.1mm
 4.5, 4.6, 4.8, 4.13, 4.14, 4.18, 4.19, 4.20, 4.21, 4.24, 4.25, 4.26, 4.27, 4.28, 4.29,
4.31, 4.34, 4.35, 4.37, 4.38, 4.40: 0.2mm
 4.11, 4.12, 4.15, 4.16: 0.5mm
  4.10: 1mm
 
4.1) Grimmia orbicularis, cushion 4.2) G. elatior, loose mat
4.3) G. muehlenbeckii, compact mat 4.4) G. elatior, hair-point with non-visible lumen
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4.5) G. pilifera, hair-point with visible lumen 4.6) G. anomala, gemmae at leaf apex
 
4.7) G. hartmanii, gemmae forming at leaf apex 4.8) G. funalis, central strand present
4.9) G. curvata, central strand absent 4.10) G. fuscolutea, leaf tapering to apex
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4.11) G. fuscolutea, leaf with shoulder 4.12) G. crinita, leaf spatulate
4.13) G. anodon, in t.z. cells uniform 4.14) G. lisae, in t.z. cells descending along margin
to the leaf base, differentiated margin
4.15) G. laevigata, basal cells isodiametrical and smooth 4.16) G. incurva, basal cells rectangular and
nodulose
4Appendix 4 : Figures of morphological characters
4.17) Racomitrium crispulum, basal cells elongate
and sinuose
4.18) G. montana, in t.z. cells isodiametric and
smooth
4.19) G. fuscolutea, in t.z. cells rectangular and
sinuose
4.20) G. alpestris, in margin cells non
differentiated
4.21) G. decipiens, lamina unistratose, four guide-
cells at mid-leaf
4.22) G. elatior, lamina and margin
multistratose, cells with mamillae in t.s.
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4.23) G. hartmanii, variably uni- and multistratose
lamina, nerve ventral surface rounded with two
guide-cells in a basal position and in one rank ,
in t.s. leaf keeled
4.24) G. crinita, margin unistratose
4.25) G. mammosa, in t.s. leaf canaliculate 4.26) G. alpestris, in t.s. leaf in a W-shape
4.27) G. donniana, nerve ventral surface furrowed,
margin plane
4.28) G. fuscolutea, leaf margin recurved on
both side
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4.29) G. hartmanii, leaf margin recurved on one side 4.30) G. atrata, cells smooth and without ‘joint-
thickening’ in t.s., nerve rounded
4.31) G. pilifera, in t.s. cells with ‘joint thinckening’ 4.32) G. ramondii, angular nerve
4.33) Ptychomitrium crispatum, more than four
guide-cells in a m.p.
4.34) P. polyphyllum, guide-cells in a m.p.
7Appendix 4 : Figures of morphological characters
4.35) G. elatior, guide-cells in two ranks 4.36) G. elatior, annulus
4.37) G. plagiopodia, stomata present at capsule base 4.38) G. pilifera, peristome teeth developed
4.39) G. anodon, peristome absent 4.40) Coscinodon calyptratus, peristome teeth
inserted below mouth
Appendix 5: section schemas
Schemas of plant sections (A) and of leaf sections (B)
A
1. Cross section of the stem at stem apex
2. Cross section of the capsule at base
then longitudinally in the middle of the
capsule
B
1. Transverse section at leaf base
2. Transverse section at mid-leaf (the larger
part)
a. Leaf basal cells
b. Cells in transition zone (laminal cells
between the basal and the upper cells)
Appendix 6: phylogenetic tree for chapter 2
Strict consensus of 321 mp-trees with a minimum length length of 277, (CI=0.235, RI=0.583) from unweighted
analyses with 52 morphological/anatomical characters and 47 taxa
1Appendix 7: samples for chloroplast sequences
List of samples used for chloroplast sequences. When two samples of the same species are
indicated, the first sample has been sequenced for trnL-trnF and the second for rps4. Herbaria
Streiff and Conservatoire et Jardin Botaniques de la Ville de Genève (G).
Ingroups
Grimmia alpestris (F.Weber & D.Mohr) Schleich., Switzerland. Valais: Finhaut, Emosson,
1980 m, 30.6.1999, Maier s.n. (G).
Grimmia anodon Bruch & Schimp., Switzerland. Valais: Finhaut, 1240 m, 22.4.1998, Maier
s.n. (hb. Streiff).
Grimmia anomala Hampe ex Schimp., Switzerland. Valais: Ried,1830 m, 23.9.1998, Maier
11762 (G).
Grimmia austrofunalis Müll.Hal., Bolivia. La Paz: Inquisivi, 4200 m, Heinrichs 4133 (G).
Grimmia austrofunalis Müll.Hal., Bolivia. La Paz: Nor Yungas, 3690 m, 13.11.1999, Price
1342 (G).
Grimmia cæspiticia (Brid.) Jur., Switzerland. Obwald: Jochpass, 2207 m, 25.8.1999, Maier
s.n. (G).
Grimmia cæspiticia (Brid.) Jur., Switzerland. Valais: Finhaut, Emosson, 2100 m, 8.71999,
Maier s.n. (G).
Grimmia crinita Brid., Syria. Qasr: Al Heir As-Sharq, 450 m, 2001, Lübenau s.n. (G).
Grimmia crinita Brid., Switzerland. Genève: Confignon, 445m, 7.10.2001, Maier s.n. (hb.
Streiff).
Grimmia decipiens (K.F.Schultz) Lindb., Germany. Moseleifel, 150-180 m, 1.3.1997, Düll
s.n. (G).
Grimmia dissimulata E.Maier, Switzerland, Vaud: Rivaz, 375 m, 6.3.1996, Maier 10489 (G).
Grimmia dissimulata E.Maier, Greece. Rhodes: Profitis Ilias, Lübenau s.n. (G).
Grimmia donniana Sm., Switzerland. Valais: Ried, Riederfurka, 1930 m, 27.8.1997, Maier
11207 (G).
Grimmia elatior Bals.-Criv. & De Not., Switzerland. Valais: Finhaut, 1300 m, 17.5.2000,
Streiff 50 (hb. Streiff).
Grimmia elatior Bals.-Criv. & De Not, Switzerland. Valais: Finhaut, 1300 m, 17.5.2000,
Streiff 54 (hb. Streiff).
Grimmia elongata Kaulf., Austria. Tirol: Stubaier Alpen, 2320 m, 5.8.1998, Dürhammer s.n.
(G).
Grimmia funalis (Schwägr.) Bruch & Schimp., Switzerland. Valais: Salvan, 1014 m,
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22.4.1998, Maier s.n. (G).
Grimmia fuscolutea Hook., China. Diging Prefecture: 4450 m, 5.6.1993, Long 24065 (G).
Grimmia hartmanii Schimp., Switzerland. Valais: Finhaut, 1260 m, 4.5.1998, Streiff 11 (hb.
Streiff).
Grimmia hartmanii Schimp., Switzerland. Valais: Vernayaz, 700 m, 26.5.2001, Maier s.n.
(G).
Grimmia incurva Schwägr., Switzerland. Grisons: Davos, Joriflüelafurgge, 2700 m,
19.08.1998, Maier 11596 (G).
Grimmia incurva Schwägr., Switzerland. Grisons: Jöri, Felsgraf, 2800 m, 2001, Bertram s.n.
(G).
Grimmia khasiana Mitt., USA. Arizona: 28.4.1999, Lübenau s.n. (G).
Grimmia laevigata (Brid.) Brid., Switzerland. Valais: Martigny, les Follateyres, 27.7.1998,
Streiff 81 (hb. Streiff).
Grimmia lisae De Not., Switzerland. Ticino: Lago di Poschiavo, 970 m, 15.7.1998, Vittoz 88
(hb. Streiff).
Grimmia longirostris Hook., Liechtenstein. Triesen: Rotspitz, 27.7.1997, Senn s.n. (G).
Grimmia meridionalis (Müll.Hal.) E.Maier, France. Corse: Calanches, 150 m, 10.5.1998,
Streiff 40 (hb. Streiff) .
Grimmia montana Bruch & Schimp., Switzerland. Valais: Salvan, 920 m, 26.5.2001, Maier
s.n. (G).
Grimmia montana Bruch & Schimp, Germany. Saarland: Zerf, 420 m, 9.4.2000, Maier s.n.
(G).
Grimmia muehlenbeckii Schimp., Switzerland. Valais: Finhaut, 1290 m, 17.5.2000, Streiff 53
(hb. Streiff).
Grimmia orbicularis Bruch ex Wilson, Switzerland. Genève: Confignon, 12.3.1999, Maier
s.n. (G).
Grimmia ovalis (Hedw.) Lindb., Switzerland. Valais: Salvan, 920 m, Maier s.n. (G).
Grimmia ovalis (Hedw.) Lindb., Italy. Piazzo (Tirano), 970 m, 17.7.1998, Vittoz 89 (hb.
Streiff).
Grimmia pilifera P.Beauv., USA. Arizona: 24.4.1999, Lübenau s.n. (G).
Grimmia pilifera P.Beauv., USA. Oregon:, Jefferson County, 10.8.2000, Price 1789 (G).
Grimmia plagiopodia Hedw., France. Puy de Dôme, Perrier, 23.5.1999, Skrzypczak 99189
(hb. Streiff).
Grimmia pulvinata (Hedw,) Sm., Switzerland. Valais: Vernayaz, 540 m, 26.5.2001, Maier
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s.n. (hb. Streiff).
Grimmia ramondii (Lam. & DC.) Margad., Switzerland. Valais: Ried, Riederfurka,1850 m,
22.8.1997, Maier 11228 (G).
Grimmia ramondii (Lam. & DC.) Margad., Switzerland. Valais: Ried, 22.9.1998, Maier
11748 (G).
Grimmia sessitana De Not., Switzerland, Ticino:  Pass d’Ur, val Poschiavo, 2520 m,
18.7.1998, Vittoz 85 (hb. Streiff).
Grimmia tergestina Tomm. ex Bruch & Schimp., Switzerland. Valais: Vérossaz, 610 m,
2.6.1998, Maier 11433 (G).
Grimmia tergestina Tomm. ex Bruch & Schimp., Switzerland. Valais: Salvan, 790 m, Maier
s.n. (G).
Grimmia torquata Drumm.,  Switzerland. Valais: Simplon, 28.8.1998, Maier s.n. (G).
Grimmia trichophylla Grev., Germany. Baden-Württemberg: Schenkenzell, 27.6.1998, Maier
11476 (G).
Grimmia unicolor Hook., Switzerland. Valais: Crête entre Combe d’Orny et cabane,
29.7.1998, Streiff 82 (hb. Streiff).
Outgroups
Coscinodon cribrosus (Hedw.) Spruce, Switzerland. Valais: Finhaut, 1320 m, 22.4.1998,
Maier s.n. (hb. Streiff).
Ditrichum flexicaule (Schwägr.) Hampe, France. Haute-Savoie: Le Fer à Cheval, 1600 m,
20.6.2002, Price 2309 (G).
Funaria hygrometrica Hedw., Switzerland. Genève: Vernier, 19.4.2002, Price 2258 (G).
Hydrogrimmia mollis (Bruch. & Schimp.) Loeske, Switzerland. Valais: Combe d’Orny, 2400
m, Streiff 18 (hb. Streiff).
Racomitrium aciculare (Hedw.) Brid., Switzerland. Valais: Finhaut. 22.4.1998, Maier s.n.
(G).
Schistidium apocarpum s.l.,  Switzerland. Vaud: Vevey, 350m, 19.3.1999, Streiff 46 (hb.
Streiff).
Schistidium apocarpum s.l., Switzerland. Genève: Bernex, 445 m, 24.5.2001, Maier s.n. (G).
1Appendix 8: trnL-trnF sequences
List of trnL-trnF sequences. For each sequence, length (in base pairs), genbank accession
number and trnL intron and spacer are given
Chapter 4 sequence codes are indicated between the species name and the sequence length.








TrnL intron start 26, end: 287  trnL spacer: 339, end: 435








TrnL intron start 26, end: 328  trnL spacer: 380, end: 446








TrnL intron start 13, end : 317  trnL spacer : 369, end : 432









TrnL intron start 10, end: 314  trnL spacer: 366, end: 429







TrnL intron start -, end: 278  trnL spacer: 331, end: 394








TrnL intron start 15, end: 299  trnL spacer: 351, end: 413








TrnL intron start 14, end: 298  trnL spacer: 350, end: 412









TrnL intron start 16, end: 300  trnL spacer: 352, end: 414







TrnL intron start 12, end: 263  trnL spacer: 315, end: 392








TrnL intron start 15, end: 316  trnL spacer: 368, end: 431








TrnL intron start 27, end: 330  trnL spacer: 382, end: 445
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ACTAGAAAAATTTTTATTGACATAAGTTTCCAATTTATGTTAGGATATCTTAAAGAAAACCTGCCGGAATAGCTC
AGTTGGTAGAGCAGAGGACTGAAAATCCTCGTGTCACCAGTT
TrnL intron start 18, end: 322  trnL spacer: 374, end: 437







TrnL intron start -, end: 279  trnL spacer: 331, end: 394








TrnL intron start 16, end: 316  trnL spacer: 368, end: 431








TrnL intron start 16, end: 316  trnL spacer: 368, end: 431
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GAGGGTTCAAGTCCCTcTACCCCCAAAACTAGAAAAATTTTTATTGACATAAGCTTCCAATTTATGTTAGGATAT
TTTAAATAAAATTTGCCGGAATAGCTCAGTTGGTAGAGCAGAGGACTGAAAATCCTCGTGTCACCAGTTC
TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389








TrnL intron start 19, end: 320  trnL spacer: 372, end: 435
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TrnL intron start 18, end: 321  trnL spacer: 373, end: 436







TrnL intron start -, end: 278  trnL spacer: 330, end: 393








TrnL intron start 19, end: 323  trnL spacer: 375, end: 438








TrnL intron start 17, end: 326  trnL spacer: 378, end: 441
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TrnL intron start -, end: 279  trnL spacer: 331, end: 394








TrnL intron start 18, end: 317  trnL spacer: 369, end: 458








TrnL intron start -, end: 274  trnL spacer: 326, end: 415








TrnL intron start -, end: 274  trnL spacer: 326, end: 415
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TrnL intron start -, end: 274  trnL spacer: 326, end: 415








TrnL intron start -, end: 274  trnL spacer: 326, end: 415








TrnL intron start -, end: 274  trnL spacer: 326, end: 415








TrnL intron start 17, end: 318  trnL spacer: 370, end: 433
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TrnL intron start 13, end: 316  trnL spacer: 368, end: 431








TrnL intron start 17, end: 320  trnL spacer: 372, end: 435








TrnL intron start 10, end: 316  trnL spacer: 368, end: 431








TrnL intron start 19, end: 325  trnL spacer: 377, end: 440
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TrnL intron start 12, end: 319  trnL spacer: 371, end: 434







TrnL intron start -25, end: 280  trnL spacer: 332, end: 395








TrnL intron start 3, end: 323  trnL spacer: 375, end: 438








TrnL intron start 10, end: 330  trnL spacer: 382, end: 445
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TrnL intron start 22, end: 322  trnL spacer: 374, end: 437








TrnL intron start 17, end: 317  trnL spacer: 369, end: 432








TrnL intron start 19, end: 319  trnL spacer: 371, end: 434








TrnL intron start 19, end: 319  trnL spacer: 371, end: 434
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TrnL intron start 12, end: 312  trnL spacer: 364, end: 427








TrnL intron start 16, end: 316  trnL spacer: 368, end: 431







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389
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TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389








TrnL intron start 17, end: 320  trnL spacer: 372, end: 435
Grimmia khasiana US 477bp AJ847874
GCTACGGACTTAAATAATTTGAGCTTTAGTAGAAAAACTTACTAAATGCTAGCTTTCAGATTCAGGAAAACTTAA
GTTGAAAAAAGTATAAGCAATCCTGAGCCAAATTTTATTTCAAAAGGAAGATAGGTGCAGAGACTCAATGGAAGC






TrnL intron start 12, end: 318  trnL spacer: 370, end: 433







TrnL intron start -, end: 316  trnL spacer: 368, end: 431








TrnL intron start 27, end: 321  trnL spacer: 373, end: 436








TrnL intron start 19, end: 322  trnL spacer: 374, end: 437









TrnL intron start 12, end: 315  trnL spacer: 367, end: 430








TrnL intron start 27, end: 327  trnL spacer: 379, end: 442








TrnL intron start 19, end: 319  trnL spacer: 371, end: 434








TrnL intron start 17, end: 320  trnL spacer: 372, end: 435








TrnL intron start -, end: 269  trnL spacer: 321, end: 384








TrnL intron start 15, end: 317  trnL spacer: 369, end: 432







TrnL intron start 7, end: 309  trnL spacer: 361, end: 424








TrnL intron start 17, end: 320  trnL spacer: 372, end: 435









TrnL intron start 16, end: 319  trnL spacer: 371, end: 434







TrnL intron start -, end: 279  trnL spacer: 331, end: 394








TrnL intron start 17, end: 317  trnL spacer: 369, end: 432







TrnL intron start -, end: 274  trnL spacer: 326, end: 389





18Appendix 8: trnL-trnF sequences
GAGGGTTCAAGTCCCTCTACCCCCAAAACTAGAAAAATTTTTATTGACATAAGCTTCCAATTTATGTTAGGATAT
TTTAAATAAAATTTGCCGGAATAGCTCAGTTGGTAGAGCAGAGGACTGAAAATCCTCGTGTCACCAGTTC
TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 274  trnL spacer: 326, end: 389
19Appendix 8: trnL-trnF sequences







TrnL intron start -, end: 274  trnL spacer: 326, end: 389







TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 273  trnL spacer: 325, end: 388
Grimmia muehlenbeckii US4 444bp AJ879749
TTACTAAATGCTAGCTTTCAGATTCAGGGAAACTTAAGTTGAAAAAAATATAAGCGATCCTGAGCCAAATCTTAT
TTCAAAAATAAGATAGGTGCAGAGACTCAATGGAAGCTATCCTAACGCAAAAAATTTAAATTCTATTTTATTAAA





TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 273  trnL spacer: 325, end: 388







21Appendix 8: trnL-trnF sequences
TrnL intron start -, end: 273  trnL spacer: 325, end: 388







TrnL intron start -, end: 274  trnL spacer: 326, end: 389








TrnL intron start 17, end: 320  trnL spacer: 372, end: 435








TrnL intron start 12, end: 315  trnL spacer: 367, end: 430








TrnL intron start 4, end: 307  trnL spacer: 359, end: 422
22Appendix 8: trnL-trnF sequences








TrnL intron start 13, end: 316  trnL spacer: 368, end: 430







TrnL intron start 17, end: 320  trnL spacer: 372, end: 434








TrnL intron start 17, end: 320  trnL spacer: 372, end: 434








TrnL intron start 12, end: 315  trnL spacer: 367, end: 397
23Appendix 8: trnL-trnF sequences








TrnL intron start 18, end: 322  trnL spacer: 374, end: 437








TrnL intron start 7, end: 311  trnL spacer: 363, end: 425







TrnL intron start -, end: 250  trnL spacer: 302, end: 364







TrnL intron start 7, end: 311  trnL spacer: 363, end: 426
24Appendix 8: trnL-trnF sequences








TrnL intron start 16, end : 317  trnL spacer : 369, end : 432







TrnL intron start -, end: 275  trnL spacer: 327, end: 390







TrnL intron start -, end : 275  trnL spacer : 327, end : 390








TrnL intron start 13, end: 316  trnL spacer: 368, end: 431
25Appendix 8: trnL-trnF sequences








TrnL intron start 16, end: 312  trnL spacer: 364, end: 427








TrnL intron start 16, end: 312  trnL spacer: 364, end: 427








TrnL intron start 10, end: 307  trnL spacer: 359, end: 422








TrnL intron start 28, end: 331  trnL spacer: 383, end: 446
26Appendix 8: trnL-trnF sequences








TrnL intron start 13, end: 316  trnL spacer: 368, end: 431








TrnL intron start 17, end: 319  trnL spacer: 371, end: 434








TrnL intron start 16, end: 321  trnL spacer: 373, end: 434








TrnL intron start 10, end: 314  trnL spacer: 366, end: 429
27Appendix 8: trnL-trnF sequences








TrnL intron start 18, end: 323  trnL spacer: 375, end: 436







TrnL intron start -, end: 279  trnL spacer: 331, end: 394








TrnL intron start 18, end: 299  trnL spacer: 351, end: 414








TrnL intron start 18, end: 318  trnL spacer: 370, end: 433
28Appendix 8: trnL-trnF sequences







TrnL intron start 18, end: 318  trnL spacer: 370, end: 433







TrnL intron start 18, end: 318  trnL spacer: 370, end: 433







TrnL intron start -, end: 275  trnL spacer: 327, end: 390








TrnL intron start 13, end: 313  trnL spacer: 365, end: 428
Grimmia trichophylla CH3 473bp AJ879774
CGCTACGGACTTAAATAATTTGAGCTTTAGTAGAAAAACTTACTAAATGCTAGCTTTCAGATTCAGGGAAACTTA
AGTTGAAAAAAATATAAGCGATCCTGAGCCAAATCTCATTTCGAAAATAAGATAGGTGCAGAGACTCAATGGAAG






TrnL intron start 13, end: 313  trnL spacer: 365, end: 428








TrnL intron start 18, end: 318  trnL spacer: 370, end: 433







TrnL intron start -, end: 275  trnL spacer: 327, end: 390







TrnL intron start -, end: 274  trnL spacer: 326, end: 389









TrnL intron start 13, end: 317  trnL spacer: 369, end: 433
1Appendix 9: rps4 sequences
List of rps4 sequences, with length of the sequence, genbank accession number  and
traduction of the sequences.The framed bases are the final stop codon.











Y R G P R V R I I R R L G V L P G L T N K T P Q L K S S S P N Q S A A K K I
S Q Y R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T
G Q V L L Q L L E Met R L D N I V F R L G Met A P T I P G A R Q L V N H R H
V L V N D C I V D I P S Y R C K P E D S I T V K N R Q K S Q A I I T K N I D
F S Q K A K V P N H L T F D S T Q K K G L V N Q I L D R E S I G L K I N E L
L V V E Y Y S R Q A Stop (1…597)









T N K T P Q L K S N S I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y
G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I
F R L G Met A P T I P G A R Q L V N H R H I L V N D R I V N I P S Y R C K P
Q D F I T I N D R Q K S Q A V I I K N I G F S Q K Y K V P N H L T F N S L Q
K K G L V N Q I L D R E S I G L K I N E L L V V E Y Y S R Q A Stop (1…546)











R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K T K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V
N N R V V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
P Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E A I G L K I N E L L
V V E Y Y S R Q A Stop (2…589)









P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E
R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N I I F R L G
Met T P T I P G A R Q L V N H R H I L V N N R V V N I P S Y R C K P Q D F I
T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N S L E N K
G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (1…534)










R V R I I R R L G A L P G L T N K T P Q L K S N S I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met A S T I P G A R Q L V N H R H I L V
N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
3Appendix 9: rps4 sequences
S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (2…589)










Y R G P R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S S K K
I S P Y R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S
T G Q V L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R
H I L V N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N
Met D F S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I
N E L L V V E Y Y S R Q A Stop (1…600)









P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R
F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D
N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N R V V N I P S Y R
C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T
F N S L E N K G L V N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A
Stop (1…555)










L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V
I F R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K
P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(2…550)










L T N K T P Q L K S S S I N Q P T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q A L L Q L L E Met R L D N V
I F R L G Met A P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K
P Q D F I T I K N R Q K S K S Met I I K N Met D F S Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(2…550)










Y R G P R V R I I R R L G A L P G L T N K T P Q L K S S S I N Q S T S N K K
I S Q Y R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S
T G Q V L L Q L L E Met R L D N V I F R L G Met A P T I P G A R Q L V N H R
H I L V N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A I I I K N
5Appendix 9: rps4 sequences
Met D F S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I
N E L L V V E Y Y S R Q A Stop (1…600)










F R S F P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K
Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E
Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N R V V N
I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I
P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S
R Q A Stop (1…567)









L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V
I F R L G Met T P T I P G A R Q L V N H K H I L V N N R I V N I P S Y R C K
P Q D F I T I K N R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(1…549)











P G L T N K T P Q L K S S S I N Q P T S N K K I S Q Y R I R L E E K Q K L R
F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D
N V I F R L G Met A P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R
C K P Q D F I T I K D R Q K S K S Met I I K N Met D F S Q K Y K I P N H L T
F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A
Stop (1…555)









P Q L K S S S I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E
R Q L L N Y V R I A R K A K G S T G L I L L Q L L E Met R L D N V I F R L G
Met A P T I P G A R Q L V N H K H I L V N N R I V N I P S Y R C K P Q D F I
T I K D R Q K S Q S Met I I K N Met D F S Q K Y K I P N H L T F N S L E N K
G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (1…534)









L T N K A P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N I
I F R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K
P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(2…550)
7Appendix 9: rps4 sequences










R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V
N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (2…589)









T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y
G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N I I
F R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P
Q D F I T I K N R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N S
L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(1…546)








8Appendix 9: rps4 sequences
ATTATTCTCGCCAGGCTTAATTAAAAAAGAATCCATATTTCTAATTGGATACATAATAAAAACTTATAAGTAGGG
AAAGAGAGGGA
N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G
I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N I I F
R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q
D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N S L
E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(3…545)










G A L P G L T N K T P Q L K S S S I N Q P T S N K K I S Q Y R I R L E E K Q
K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met
R L D N V I F R L G Met A P T I P G A R Q L V N H R H I L V N N R I V N I P
S Y R C K P Q D F I T I K D R Q K S K S Met I I K N Met D F S Q K Y K I P N
H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q
A Stop (2…565)









Q L K S S S I N Q P T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E R
Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I F R L G
Met A P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I
T I K D R Q K S K S Met I I K N Met D F S Q K Y K I P N H L T F N S S E N K
G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (2…532)
Grimmia incurva 656bp AJ845223










S C E N N T S F R S F P G L T N K T P Q L K S N S I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met A S T I P G A R Q L V N H R H I L V
N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (1…588)









P G L T N K T P Q L K S S L V N Q S T S N K K I S Q Y R I R L E E K Q K L R
F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D
N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N H I V N I P S Y R
C K P Q D F I T I K D R Q K S Q A Met I I K N Met N F S Q K Y K I P N H L T
F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A
Stop (1…555)










10Appendix 9: rps4 sequences
R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V
N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (2…589)










F P G L T N K T P Q L K S S S I N Q S T S N K K I S Q Y R I R L E E K Q K L
R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L
D N V I F R L G Met A P T I P G A R Q L V N H K H I L V N N R I I N I P S Y
R C K P Q D F I T I K D R Q K S Q S I I I K N Met D F S Q K Y K I P N H L T
F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A
Stop (1…558)









P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E
R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I F Q L G
Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I
T I K D R Q E S Q A Met I I K N Met D F S Q K Y K I P N H L T F N S L E N K
G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (2…535)
Grimmia meridionalis 595bp AJ845228
ATTAACCAATAAGACACCCCAATTAAAATCTAGTTTGATTAATCAAGCAACATCTAATAAAAAAATTTCTCAATA
TCGTATTCGTTTGGAAGAAAAACAAAAATTACGTTTTCATTATGGAATAACAGAACGACAACTACTAAATTATGT







L T N K T P Q L K S S L I N Q A T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V
I F R L G Met A P T I P G A R Q L V N H K H I L V N N R I V N I P S Y R C K
P Q D F I T I K D R Q K S Q S Met I I K N Met D F S Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop L
K N N Q I K K Stop Stop Y F Stop L Y (2…550)









P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R
F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D
N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N R V V N I P S Y R
C K P Q D F I T I K D R Q K S Q A I I I K N Met D F S Q K Y K I P N H L T F
N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(1…555)









K S S S I N Q P T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E R Q L
L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I F R L G Met A
P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I T I K
12Appendix 9: rps4 sequences
N R Q K S K S I I I K N Met D F S Q K Y K I P N H L T F N S L E N K G L I N
Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (2..526)









S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E R Q L L
N Y G R I A R K A K G S T G Q V L L Q L L E Met R L D N V S L R L G Met T P
T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I T I K D
R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L T F N S L E N K G L I N
Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (1…522)










I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L
E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L
L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N R I
V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y
K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y
Y S R Q A Stop (3…578)











Y R G P R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K
I S Q Y R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S
T G Q V L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R
H I L V N N R I V N I A S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N
Met D F S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I
N E L L V V E Y Y S R Q A Stop (1…600)









F P G L T N K I P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L
R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L
D N V I F R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y
R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N H L
T F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A
Stop (1…558)










R V K I I R R L G A L P G L T N K T P Q L K S S L I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q I
L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V
N N R I V N I P S Y R C K P Q D F I T I K D R Q K S Q S Met I I K N Met D F
S Q K Y K I P N H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (2…589)
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L T N K T P Q L K S S S I N Q P T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V
I F R L G Met A P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K
P Q D F I T I K D R Q K S K S Met I I K N Met D F Y Q K Y K I P N H L T F N
S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(1…549)










S C K N N T S F R S F T R T T N K T P Q L K S S L I N Q S T S N K K I S Q Y
R I R L E E K Q K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V
L L Q L L E Met R L D N V I F R L G Met T P T I P G A R Q L V N H R H I L V
N N R V V N I P S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F
S Q K Y K I P N H L T F N S L E N K G L V N Q I L D H E S I G L K I N E L L
V V E Y Y S R Q A Stop (1…588)
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AGAAAACAAAGGATTAATTAATCAAATACTAGATCATGAATCAATTGGTTTAAAAATAAATGAATTGTTAGTTGT
AGAATATTATTCTCGTCAGGCTTAATTAAAAAATAATCATATTTCTAATTGATACATAA
L T N K T P Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H
Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V
I F R L G Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K
P Q D F I T I K D R E K S Q A I I V K N Met D F S Q K Y K I P N H L T F N S
L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop
(2…550)










W S F P G L T N K T P Q L K S S S I N Q S T S N K K I S Q Y R L R L E E K Q
K L R F H Y G I T E R Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met
R L D N V I F R L G Met A P T I P G A R Q L V N H R H I L V N N R I V N I P
S Y R C K P Q D F I T I K D R Q K S Q A Met I I K N Met D F S Q K Y K I P N
H L T F N S L E N K G L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q
A Stop (3…566)









Q L K S S S I N Q P I S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E R
Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I F R L G
Met A P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I
T V K D R Q K S K S I I I K N Met D F S Q K Y K I P N H L T F N S L E N K G
L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (2…532)
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Q L K S S L I N Q S T S N K K I S Q Y R I R L E E K Q K L R F H Y G I T E R
Q L L N Y V R I A R K A K G S T G Q V L L Q L L E Met R L D N V I F R L G
Met T P T I P G A R Q L V N H R H I L V N N R I V N I P S Y R C K P Q D F I
T I K D R Q K S Q A I I I K N Met D F S Q K Y K I P N H L T F N S L E N K G
L I N Q I L D H E S I G L K I N E L L V V E Y Y S R Q A Stop (2…532)
1|Appendix 10: phylogenetic trees from chapter 3
a.
Phylogenetic tree with maximum-likelihood analysis (Model HKY + G), 49 species of ingroup and outgroup and rps4
sequences
2|Appendix 10: phylogenetic trees from chapter 3
b
One of the 9100 most-parsimonious trees (length = 266, CI = 0.684, RI = 0.737) found by maximum parsimony
analysis of rps4 sequences and rooted by species of Funariidae. Bootstrap values (> 50%) shown on branches.
1: ‘Rhabdogrimmia,’ 2: Racomitrium, 3: ‘Grimmia’.
3|Appendix 10: phylogenetic trees from chapter 3
c.
Phylogenetic tree with maximum-likelihood analysis (Model HKY + G), 44 species of ingroup and outgroup and trnL-trnF
sequences, (-lnL = 1857.93343)
4|Appendix 10: phylogenetic trees from chapter 3
d.
Consensus of 89 most-parsimonious trees (length = 224, CI= 0.674, RI = 0.738) found with maximum parsimony analysis, 44
species and trnL-trnF sequences
5|Appendix 10: phylogenetic trees from chapter 3
e.
Tree obtained with maximum-parsimony analysis and 1000 bootstraps using rps4 and trnL-trnF combined. Bootstrap values
(>50%) shown above branches
6|Appendix 10: phylogenetic trees from chapter 3
g.
Phylogenetic tree found by bayesian distances (model used for rps4: GTR + G; model used for trnL-trnF: HKY + G;
5,000,000 generations, sampling every 1000 trees, recording branch lengths, 2500 first trees ‘burn-in’) with 43 species and
rps4, trnL-trnF and morphological characters combined, bayesian support above branches
1Appendix 11: samples chapter 4
Samples used in the chapter 4 for the study of intraspecific variability with trnL-trnF of the
genus Grimmia (in bracket : name of the samples in the analyses).
Ingroup specimens
Grimmia alpestris (F.Weber & D.Mohr) Schleich., (CH1) Switzerland. Valais: Finhaut,
Emosson, 1980 m, 30.6.1999, Maier s.n. (G); (CH2) Switzerland. Valais: Emosson, sur
les Conches, 1980 m, Maier s.n. (G).
Grimmia anodon Bruch & Schimp., (CH1) Switzerland. Valais: Finhaut, 1240 m, 22.4.1998,
Maier s.n. (hb. Streiff); (CH2) Switzerland. Graubunden: Lavin, Dorf, 5.07.2001, Maier
s.n. (G).
Grimmia anomala Hampe ex Schimp., (CH1) Switzerland. Valais: Ried,1830 m, 23.9.1998,
Maier 11762 (G); (CH2) Switzerland. Bern: Lenk, 22.09.2000, Maier s.n. (G); (CH3)
Switzerland. Valais: Maier 10136; (D) Germany. 1995, Maier 9817 (G); (US1); U.S.A.
Michigan: 1992. B. Allen 13288 (MO); (US2) U.S.A. California: 1997, Toveen 6668
(MO).
Grimmia austrofunalis Müll.Hal., (B) Bolivia. La Paz: Inquisivi, 4200 m, Heinrichs 4133 (G).
Grimmia cæspiticia (Brid.) Jur., (CH1) Switzerland. Obwald: Jochpass, 2207 m, 25.8.1999,
Maier s.n. (G); (CH2) Switzerland. Valais: Finhaut, Emosson, 2100 m, 8.7.1999, Maier
s.n. (G).
Grimmia crinita Brid., (S) Syria. Qasr: Al Heir As-Sharq, 450 m, 2001, Lübenau s.n. (G); (P)
Pakistan. Chapursan Valley, 12.07.1998, Gruber 1934 (G); (CH) Switzerland. Vaud:
1.02.1998, Maier s.n. (G).
Grimmia decipiens (K.F.Schultz) Lindb., (D1) Germany. Moseleifel, 150-180 m, 1.3.1997,
Düll s.n. (G); (D2) Germany. Rhld.-Pfalz. Niederalben, 18.03.1996, Maier 10294 (G); (P)
Portugal. Estramadura, Serra de Sintra, 4.10.1990, Mues, Sauer & Sim-Si 3541 (G); (T)
Turkey. Mughla, d. Milas. Besparmakdagh, Pass zwischen Karabükü, 17.04.1992, Sauer
A83 (G); (CH) Switzerland. Graubunden: 1994, Maier 9026 (G); (E) Spain. Madrid,
Rasafria, E. Puerto de los Cotos, 5.07.1989, Geissler 14026 (G).
Grimmia dissimulata E.Maier, (CH) Switzerland, Vaud: Rivaz, 375 m, 6.3.1996, Maier
10489 (G).
Grimmia donniana Sm., (CH2) Switzerland. Valais: Ried, Riederfurka, 1930 m, 27.8.1997,
Maier 11207 (G); (CH2) Switzerland. Graubunden: Lavin, 4.07.2001 Streiff 117 (Streiff).
Grimmia elatior Bals.-Criv. & De Not., (CH3) Switzerland. Valais: Finhaut, 1300 m,
17.5.2000, Streiff 50 (hb. Streiff); (CH2) Switzerland. Valais: Finhaut, 1300 m,
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17.5.2000, Streiff 54 (Streiff); (CH3) Switzerland. Ticino: Lago di Poschiavo, 15.07.1998,
Vittoz 88 (Streiff).
Grimmia elongata Kaulf., (A) Austria. Tirol: Stubaier Alpen, 2320 m, 5.8.1998, Dürhammer
s.n. (G).
Grimmia funalis (Schwägr.) Bruch & Schimp., (CH1) Switzerland. Valais: Salvan, 1014 m,
22.4.1998, Maier s.n. (G); (CH2) Switzerland. Valais: Orny, 29.07.1998, Streiff 79
(Streiff).
Grimmia fuscolutea Hook., (C) China. Diging Prefecture: 4450 m, 5.6.1993, Long 24065
(G).
Grimmia hartmanii Schimp., (CH1)  Switzerland. Valais: Finhaut, 1260 m, 4.5.1998, Streiff
11 (hb. Streiff); (CH2) Switzerland. Valais: Vernayaz, 700 m, 26.5.2001, Maier s.n. (G);
(CH3) Switzerland. Valais: Finhaut, 2.04.2000, Maier 71 (Streiff); (CH4) Switzerland.
Valais: Finhaut, 17.05.2000, Maier 47 (Streiff); (CH5) Switzerland. Valais: Vernayaz,
26.05.2001, Maier 152 (Streiff); (CH6) Switzerland. Graubunden: Guttannen,
Obguttannen, 29.09.1995, Maier 10577 (G); (CH7) Switzerland. Neuchâtel,1996, Maier
s.n. (G); (T) Turkey. Trabzon, d. Maçka, 3.08.1993, Sauer A33 (G); (CH8) Switzerland.
Valais: Bovernier, Gorge du Dunand, 28.08.1996, Maier 10727 (G); (Sl) Slovakia. Vysoki
Tatry (Hohe Tatra), Stary Smokove (Altschmecks), Schäfer-Verwimp 212166 (G).
Grimmia incurva Schwägr., (CH) Switzerland. Grisons: Davos, Joriflüelafurgge, 2700 m,
19.08.1998, Maier 11596 (G).
Grimmia khasiana Mitt., (US) USA. Arizona: 28.4.1999, Lübenau s.n. (G); (C) China.
Yunnan, 8.06.1993, Long 24137 (G).
Grimmia laevigata (Brid.) Brid., (CH1) Switzerland. Valais: Martigny, les Follateyres,
27.7.1998, Streiff 81 (hb. Streiff); (CH2) Switzerland. Valais: Finhaut, 17.05.2000, Streiff
49 (Streiff); (CH3) Switzerland. Graubunden: Lavin, 3.07.2001, Maier s.n. (G).
Grimmia lisae De Not., (CH) Switzerland. Ticino: Lago di Poschiavo, 970 m, 15.7.1998,
Vittoz 88 (hb. Streiff); (Az) Portugal. Açores, Lübenau s.n. (G).
Grimmia longirostris Hook., (FL) Liechtenstein. Triesen: Rotspitz, 27.7.1997, Senn s.n. (G);
(CH) Switzerland. Graubunden, Bergamini 98-063 (G).
Grimmia meridionalis (Müll.Hal.) E.Maier, (F) France. Corse: Calanches, 150 m, 10.5.1998,
Streiff 40 (hb. Streiff); (D) Germany. Rheinland, 12.04.1996, Maier s.n. (G).
Grimmia montana Bruch & Schimp., (CH1) Switzerland. Valais: Salvan, 920 m, 26.5.2001,
Maier s.n. (G); (D) Germany. Saarland: Zerf, 420 m, 9.4.2000, Maier s.n. (G); (CH2)
Switzerland. Graubunden: Lavin, 3.07.2001, Streiff 115 (Streiff).
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Grimmia muehlenbeckii Schimp., (CH1) Switzerland. Valais: Finhaut, 1290 m, 17.5.2000,
Streiff 53 (hb. Streiff); (CH2) Switzerland. Graubunden: Guttannen, Obguttannen,
29.09.1995, Maier 10578 (G); (US1) U.S.A. Maine, 1993, B. Allen 14762 (MO); (US2)
U.S.A. Maine: 1994, B. Allen 15891 (MO); (US3) U.S.A. Maine: 1993, B. Allen 14759
(MO); (US4) U.S.A. Maine: 1995, B. Allen 16498 (MO); (US5) U.S.A. Maine, 1991, B.
Allen 10358 (MO); (US6) U.S.A. New Hampshire: G. Allen 26 (MO); (US7) U.S.A. New
Hampshire: Ladd 17328 (MO); (Ca) Canada. Ontario: 1987, Ireland 22990 (MO); (CH3)
Switzerland. Valais: Salvan, 29.05.1993, Maier 8058 (G); (F) France. Alsace: 1994,
Maier 9384 (G); (D) Germany. 1996, 734812 (MO); (N) Norway. 1996, Blom s.n. (G);
(CH4) Switzerland. Ticino, 1993, Maier 7215 (G); (CH5) Switzerland. Valais: 1999.
Geissler 20029 (G); (CH6) Switzerland. Valais: Finhaut, les Clous, 7.07.1995, Maier
10396 (G).
Grimmia nutans Bruch, (CI) Spain. Gran Canary: 23.2.1996, van Melik 201552 (G).
Grimmia orbicularis Bruch ex Wilson, (CH1) Switzerland. Genève: Confignon, 12.3.1999,
Maier s.n. (G); (CH2) Switzerland. Graubunden: Lavin, 5.07.2001, Maier s.n. (G).
Grimmia ovalis (Hedw.) Lindb., (CH1) Switzerland. Valais: Salvan, 920 m, Maier s.n. (G).
(I) Italy. Piazzo (Tirano), 970 m, 17.7.1998, Vittoz 89 (Streiff); (CH2) Switzerland.
Valais: Vernayaz, 26.5.2001, Maier s.n. (G); (CH3) Switzerland. Graubunden, Lavin,
3.07.2001, Maier s.n. (G).
Grimmia pilifera P.Beauv., (US) USA. Arizona: 24.4.1999, Lübenau s.n. (G).
Grimmia plagiopodia Hedw., (F) France. Puy de Dôme, Perrier, 23.5.1999, Skrzypczak
99189 (hb. Streiff); (D) Germany. Gotha, 06.1999, Geissler s.n. (Streiff); (US) U.S.A.
Arizona, 04.1999, Lübenau s.n. (G).
Grimmia pulvinata (Hedw,) Sm., (CH1) Switzerland. Valais: Vernayaz, 540 m, 26.5.2001,
Maier s.n. (hb. Streiff); (CH2) Switzerland. Genève: Bernex, 24.05.2001, Maier s.n. (G),
(CH3) Switzerland, Genève: Jardin Botanique, Streiff s.n. (Streiff); (CH4) Switzerland.
Graubunden: Lavin, 5.07.2001, Maier s.n. (G).
Grimmia ramondii (Lam. & DC.) Margad., (CH1) Switzerland . Valais: Ried,
Riederfurka,1850 m, 22.8.1997, Maier 11228 (G); (CH2) Switzerland. Valais: Ried,
22.9.1998, Maier 11748 (G); (CH3) Switzerland. Valais: Lac d’Emosson, 9.09.1998,
Maier 11703 (G);
Grimmia sessitana De Not., (CH1) Switzerland, Ticino:  Pass d’Ur, val Poschiavo, 2520 m,
18.7.1998, Vittoz 85 (hb. Streiff); (CH2) Switzerland. Valais: Orny, 29.07.1998, Streiff 43
(Streiff); (CH3) Switzerland. Graubunden: Lavin, 4.07.2001, Streiff 120 (Streiff).
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Grimmia tergestina Tomm. ex Bruch & Schimp., (CH1) Switzerland. Valais: Vérossaz, 610
m, 2.6.1998, Maier 11433 (G); (CH2) Switzerland. Valais: Salvan, 790 m, Maier s.n. (G);
(CH3) Switzerland. Fribourg: Feldis, 5.06.1999, Maier 11799 (G); (CH4) Switzerland.
Glarus: Linthal, 19.9.1997, Maier 11274 (G).
Grimmia torquata Drumm., (CH) Switzerland. Valais: Simplon, 28.8.1998, Maier s.n. (G).
Grimmia trichophylla Grev., (D1) Germany. Baden-Württemberg: Schenkenzell, 27.6.1998,
Maier 11476 (G); (CH1) Switzerland. Valais: Bovernier, 24.08.1996, Maier 10726 (G);
(D2) Germany. Baden-Würtemberg: Schenkenzell, 27.06.1997, Maier 11476 (G); (D3)
Germany. Saarland: Saarlonis, 4.05.2000, Caspari 7415 (G); (CI1) Spain. Gran Canaria,
4.01.1999, Schumm & Schwarz 3453 (G); (CI2) Spain. Teneriffa: 19.04.1998, Lauer
Ka’199a (G); (G) Greece: Naxos, 1996, Nebel 171 (G); (CH2) Switzerland. Vaud: 1995,
Maier 9510 (G); (CH3) Switzerland. Valais: Gorge du Durnand, 31.07.1991, van Melik
980421 (G).
Grimmia unicolor Hook., (CH) Switzerland. Valais: Crête entre Combe d’Orny et cabane,
29.7.1998, Streiff 82 (hb. Streiff).
Outgroup specimens
Coscinodon cribrosus (Hedw.) Spruce, (CH) Switzerland. Valais: Finhaut, 1320 m,
22.4.1998, Maier s.n. (hb. Streiff).
Hydrogrimmia mollis (Bruch. & Schimp.) Loeske, (CH1) Switzerland. Valais: Combe
d’Orny, 2400 m, Streiff 18 (hb. Streiff); (CH2) Switzerland. Graubunden: Susch
14.07.1997, Maier 11025 (G).
Racomitrium aciculare (Hedw.) Brid., (CH1) Switzerland. Valais: Finhaut. 22.4.1998, Maier
s.n. (G). (CH2) Switzerland. Valais: Salvan, 26.05.2001, Maier 146 (Streiff); (CH3)
Switzerland. Valais: Vernayaz, 26.05.2001, Maier 150 (Streiff).
Schistidium apocarpum s.l., (CH) Switzerland. Vaud: Vevey, 350m, 19.3.1999, Streiff 46
(hb. Streiff).
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List of samples extracted for ITS sequences
20. Coscinodon cribrosus (Hedw.) Spruce, Switzerland. Valais: Finhaut, 1320 m, 22.4.1998.
Maier s.n. (hb. Streiff).
c. Grimmia alpestris (F.Weber & D.Mohr) Schleich., France: Languedoc-Roussillon, Lac des
Bouillouses, 2100 m, 8.6.2001, Streiff 186 (hb. Streiff).
1. Grimmia anodon Bruch & Schimp., Switzerland. Valais: Finhaut, 1240 m, 22.4.1998,
Maier 11375 (G).
 62. Grimmia anodon. Switzerland. Graubunden: Lavin, Dorf, 1412m, 05.07.2001, Maier s.n.
(G).
35. Grimmia anomala Hampe ex Schimp., Switzerland. Valais: Ried, Riederfurka, Stockfluh,
1830 m, Maier 11762 (G).
34. Grimmia austrofunalis Müll. Hal., Bolivia. La Paz: Nor Yungas, 3690 m, 13.11.1999,
Price 1168 (G).
3. Grimmia caespiticia (Brid.) Jur., Switzerland. Obwald: Jochpass, 2207 m, Maier s.n. (G).
6. Grimmia decipiens (K.F.Schultz) Lindb., Switzerland. Valais: Salvan, Les Planards, 850
m, Maier s.n. (G).
8. Grimmia donniana Sm., Switzerland: Graubunden: entre Lavin et Chamanna Linard, 1710
m, 4.07.2001, Streiff 117 (hb. Streiff).
3. Grimmia elatior Bals.-Criv. & De Not., Switzerland. Valais: Finhaut, 1300 m, 17.05.2000,
Streiff 54 (hb. Streiff).
10. Grimmia funalis (Schwägr.) Bruch & Schimp., Switzerland. Valais: Salvan, La Médetta,
1040 m, 22.4.1998, Maier 11390 (G).
11. Grimmia fuscolutea Hook., China. Diging Prefecture, 4450 m, 5.6.1993, Long 24065 (G).
2. Grimmia hartmanii Schimp., Switzerland. Valais: Finhaut, 1220 m, 17.05.2000, Streiff 47
(hb. Streiff).
15. Grimmia laevigata (Brid.) Brid., Switzerland. Valais: Finhaut, 1300 m, Streiff 49 (hb.
Streiff).
b. Grimmia lisae De Not., France. Corse: Porto, 11.5.1998, Streiff 70 (hb. Streiff).
69. Grimmia lisae, Switzerland. Ticino: Lago di Poschiavo, 970 m, 15.07.1998, Vittoz 88
(hb. Streiff).
d. Grimmia montana Bruch. & Schimp., Switzerland. Valais, Salvan, 940 m, 26.5.2001,
Maier s.n. (G).
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e. Grimmia muehlenbeckii Schimp., Switzerland. Graubunden: Lavin-Chamanna Linard,
1780 m, 4.8.2001, Streiff 119 (hb. Streiff).
f. Grimmia orbicularis Wilson, France. Languedoc-Roussillon: Pas de l’Escale, 270 m,
2.6.2001, Streiff 164 (hb. Streiff).
21. Grimmia ovalis (Hedw.) Lindb., Italia. Piazzo (Tirano), 970 m, 17.7.1998, Vittoz 89 (hb.
Streiff).
24. Grimmia plagiopodia Hedw., France. Puy de Dôme, 23.5.1999, Skrzypczak 99189 (G).
a. Grimmia pulvinata (Hedw.) Sm., Switzerland. Vaud: Université Lausanne, 250 m, Streiff
s.n. (hb. Streiff).
25. Grimmia pulvinata, Switzerland. Graubunden, Lavin, 1420 m, Maier s.n. (G)
5. Grimmia ramondii (Lam. & DC.) Margad., U.S.A. Oregon: Willamette National Forest,
810 – 920 m, Price 1797-1842 (G).
33.Grimmia tergestina Bruch. & Schimp., France. Savoie, Bessans, 31.8.2000, Skrzypczak
s.n. (G)
50. Grimmia tergestina, Switzerland. Fribourg: Feldis, 1430 m, Maier 11799 (G).
g. Grimmia trichophylla Grev., France. Corse: Porto, Tête de Chien, 400 m, 11.5.1998,
Streiff 73 (hb. Streiff).
49. Grimmia trichophylla, Germany. Baden-Württemberg: Schenkenzell, Kinzigtal,
27.06.1998, Maier 11476 (G).
h. Hydrogrimmia mollis (Bruch & Schimp.) Loeske, Switzerland. Valais: Combe d’Orny,
2400 m, Streiff 79 (hb. Streiff).
30. Racomitrium aciculare, Switzerland. Valais: Salvan, Les Planards, 850 m, Streiff 146
(hb. Streiff).
1|Appendix 13: ITS sequences
ITS newly sequenced. In frame: start and end of 5.8S gene













5.8S start: 388 end: 547













5.8S start: 388 end: 547














5.8S start: 397 end: 556













5.8S start: 398 end: 557













5.8S start: 397  end: 556














5.8S start: 397 end: 556













5.8S start: 397 end: 556













5.8S start: 397 end: 556
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5.8S start: 397 end: 556













5.8S start: 397 end: 556
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GAAAAGGGAAAGTGTTGGTTGGCTGTGTCGTCCCCCCAGGAGTTGGATTCCGAAGCAGGCAGGCCCCCCTTTGTC
AAAAAGAGGGCCGCGTCACGCATCAGACCTCTGATCAGGAAAGACTACCCGCTGAG
5.8S start: 398 end: 557













5.8S start: 397 end: 556













5.8S start: 397 end: 556














5.8S start: 397 end: 556













5.8S start: 397 end: 556













5.8S start: 359 end: 523
1.2 Grimmia anodon  853bp
AACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTGCACACACAGAGAGCAGCAGCAAACCCCCTTTGCGAA
CTTCATGAATGTCCCCCCCTTGGCCGGTGTCCTCCCCTCCTTCCGTGCCAGCCAGCCTGCCTGCAGCAGATGGTT











5.8S start: 366 end: 524













5.8S start: 362 end: 520













5.8S start: 367 end: 525
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5.8S start: 367 end: 525













5.8S start: 369 end: 527














5.8S start: 369 end: 526













5.8S start: 400 end: 558













5.8S start: 378 end: 537












5.8S start: 319 end: 477












5.8S start: 293 end: 454












5.8S start: 374 end: 532















5.8S start: 442 end: 602














5.8S start: 442 end: 602












5.8S start: 347 end: 505
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5.8S start: 415 end: 572














5.8S start: 415 end: 572















5.8S start: 415 end: 572











5.8S start: 312 end: 469












5.8S start: 320 end: 478













5.8S start: 320 end: 478












5.8S start: 322 end: 480












5.8S start: 320 end: 478













5.8S start: 328 end: 486












5.8S start: 326 end: 484












5.8S start: 322 end: 480













5.8S start: 322 end: 480












5.8S start: 322 end: 480












5.8S start: 320 end: 478













5.8S start: 326 end: 484











5.8S start: 283 end: 441












5.8S start: 293 end: 452













5.8S start: 293 end: 452













5.8S start: 348 end: 506













5.8S start: 347 end: 505
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5.8S start: 348 end: 506













5.8S start: 348 end: 506
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GTCCCAAAAGTTTTTCGGCCCTGCGGGGCCGAGGAAGGAAGAGGGGAAATTCGTCACGCATCAGACCTCTGATCA
GAAAAGACTACCCGCTGAG
5.8S start: 348 end: 506













5.8S start: 348 end: 506













5.8S start: 349 end: 507














5.8S start: 348 end: 506













5.8S start: 348 end: 506












5.8S start: 330 end: 488














5.8S start: 336 end: 494











5.8S start: 235 end: 393












5.8S start: 384 end: 542
24. Grimmia plagiopodia  742bp
TGGCCGGTGTCCTCCCTTCCTTCCCGCCAGCCAGCCTGCCTGCAGCAGATGGTTGGTTTTGGTTGGTTGTGGGGC
CCGTGCCGAGCCCAAGTCCCCCTCCTCCCCCCCAGATCGGTGGTACCCTCCCGGTCTGGTGTGTGTTGGTCGGGG









5.8S start: 268 end: 426













5.8S start: 362 end: 519













5.8S start: 361 end: 519
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5.8S start: 361 end: 519













5.8S start: 346 end: 504
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GAAAATTTCGGCCCTGCGGGGCCGAGAAGAGGGAATGGAGAAGTAACGCATCAGACCTCTGATCAGGAAAGACTA
CCCGCTGAG
5.8S start: 346 end: 504













5.8S start: 347 end: 505













5.8S start: 346 end: 504














5.8S start: 346 end: 504













5.8S start: 346 end: 504













5.8S start: 346 end: 504
5a6 Grimmia pulvinata  832bp
ACCTGCGGAAGGATCATTGCACACACGTACATGCCAACCTGCGAACCTCACCACTGTCCCCCCGCCCGATTCGGG
CGCGACCCGGGGGGCAGTCTCTGGCCGGGCGTGGCGAATGGCCCTCGTCATGTTCGGTTGGCCGATCAGGGCACG











5.8S start: 344 end: 502












5.8S start: 312 end: 470












5.8S start: 301 end: 459
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5.8S start: 384 end: 542











5.8S start: 307 end: 466












5.8S start: 334 end: 492
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5.8S start: 334 end: 492












5.8S start: 350 end: 508












5.8S start: 334 end: 492
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5.8S start: 334 end: 492














5.8S start: 409 end: 568
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ACTCAATGCGTGTCGGCCGTGTCCCCCCCCAGTCGGATTCCAAAGCAGGTCCCTTCTCCCCCCACCGCCGAAGTG
CCAAAGTGCCAAAGTGGTGGGGGGTCAAAGGAGGAAAACTC
5.8S start: 323 end: 481














5.8S start: 409 end: 568












5.8S start: 334 end: 492













5.8S start: 334 end: 492












5.8S start: 332 end: 486












5.8 start: 332 end: 490













5.8S start: 279 end: 437













5.8S start: 366 end: 524













5.8S start: 366 end: 524
